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ABSTRACT

Semiconductors are at the heart of electronic devices such as computers, mobile phones,
avionics systems, telecommunication racks, etc. Power dissipation from semiconductor
devices is continuing to increase due to the growth in the number of transistors on the silicon
chip as predicted by Moore’s Law. Thermal management techniques, used to dissipate this
power, are becoming more and more challenging to design. Air cooling of electronic
components is the preferred method for many designs where the air flow is characterised as
being in the laminar-to-turbulent transitional region.

Over the last fifteen years there has been a dramatic take-up of Computational Fluid
Dynamics (CFD) technology in the electronics industry to simulate the airflow and
temperatures in electronic systems. These codes solve the Reynolds Averaged Navier-Stokes
(RANS) equations for momentum and turbulence. RANS models are popular as they are
much quicker to solve than time-dependent models such as Large Eddy Simulation (LES) or
Direct Numerical Simulation (DNS).

At present the majority of thermal design engineers use the standard k£ —& model which is a
high Reynolds number model. This is because there is limited knowledge on the benefit of
using low Reynolds number models in the electronics cooling industry. This Ph.D.
investigated and developed low Reynolds number models for use in electronics cooling CFD
calculations. Nine turbulence models were implemented and validated in the in-house CFD
code PHYSICA. This includes three zero-equation, two single equation, and four zonal
models. All of these models are described in the public literature except the following two
models which were developed in this study:

e AUTO_CAP: This zero-equation model automates the existing LVEL CAP model
available within the commercial CFD code FLOTHERM.

e ke/kl: This zonal model uses a new approach to blend the kX —/ model used at the
wall with the & — & model used to predict the bulk airflow.

Validation of these turbulence models was undertaken on eight different test cases. This
included the detailed experimental work undertaken by Meinders. Results show that the
ke /kl model provides the most accurate flow predictions. For prediction of temperature there
was no clear favourite. This was probably due to the use of the universal log-law function in
this study. A generalised wall function may be more appropriate.

Results from this research have been disseminated through a total of nine peer-reviewed
conference and journal publications, evidence of the interest the topic of this investigation
generates amongst electronic packaging engineers.
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CHAPTER 1

INTRODUCTION

The research reported in this thesis was financially supported by the Engineering and Physical
Sciences Research Council (EPSRC) through the PRIME Faraday Partnership as a Ph.D.
Industrial Case Award. The industrial partner was Flomerics Limited, a leading UK software
house, who produce the Computational Fluid Dynamics (CFD) code FLOTHERM. This code
is used by many electronics design engineers around the world to predict and optimise the

thermal behaviour of electronic systems.

The research presented throughout this thesis has an industrial focus geared towards the
development of a new transitional turbulence model specifically designed for the cooling of
electronic components. This chapter discusses the motivation behind the Ph.D., electronic
systems and thermal management, the layout of the thesis, and a summary of the original

techniques and findings from the research.

1.1 Project Motivation

Electronic products are built up around Printed Circuit Boards (PCBs) that contain many
electronic components (memory chips, CPU chips, resistors, etc). During the operation of a
product (e.g. a Laptop) these cluttered geometries emit excessive heat that must be extracted
otherwise the product will become too hot and result in failure. With the ever-increasing
demand for extra power driven by higher frequencies (i.e. greater than 1GHz) and product
miniaturisation (smaller computers, PDAs, intelligent devices, etc) thermal requirements of

products are becoming ever more important.

Heat is conducted away from the chip through the PCB by conduction and radiation but for
many cases this is not sufficient to ensure safe working temperatures. Air cooling can also be
used to help remove heat. This is aided by fans which force cooler air around the hot
electronic components. The rate at which heat is removed by air cooling is dependent on the

characteristics of the flow and whether it is laminar or turbulent.
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e Laminar Flow: When this flow of air moves across the component in smooth
horizontal layers, sheared only by the viscosity of the air, then the flow is referred to

as laminar flow (represented by a low Reynolds number Re <2000).

e Turbulent Flow: If unsteady eddies exist throughout the flow then it is classified as

turbulent flow (high Reynolds number Re > 4000).

e Transitional Flow: Typically a transition region exists between the laminar and

turbulent flow regimes. This transitional region is recognised to be the dominant flow

region for air cooling of electronics. (2000 < Re <4000).

The boundary layer close to the surface of the component is very important, as this is where
the heat is extracted and then carried away by the rest of the airflow. The rate of heat transfer
taking place in this thermal boundary layer is strongly dependent on the nature of the airflow

in this region (Laminar, Transitional, Turbulent).

The increasing importance of thermal design in electronics and the growth of the market has
resulted in a number of thermal experts entering this field. They are using design software
tools such as FLOTHERM (Flomerics Ltd.) to solve the governing equations of fluid flow
(including turbulence) and heat transfer and hence predict the effects of a new design on
temperature. Consequently, these software users are becoming more aware of various aspects
of CFD technology, in particular, a number of recent technical papers have pointed to current
turbulence models as a limiting factor in the quality of the results predicted. This has
generated substantial interest in the community for research into new turbulence models that,
when integrated into a CFD framework, can more accurately predict both the flow behaviour

over heated surfaces and the rate of heat transfer from electronic system components.

The aim of this Ph.D. is to investigate and develop turbulence modelling capabilities to
provide the most appropriate model(s) for low Reynolds number transitional flows
encountered in electronics applications. The model should also have the ability to be
integrated within a commercial CFD code such as FLOTHERM and to be used by thermal

design engineers. In this context the model should also address the following commercial

constraints:
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e Publish and disseminate the results from this research at conferences and in journal

articles.

Dissemination of the results from this project will greatly benefit the wider scientific
community in helping understand key phenomena taking place in this flow regime and its
effect on heat extraction and help educate the electronics cooling community to the
difficulties associated with the accurate prediction of turbulent flows. Such models may also

be useful for other industrial flow problems operating within this type of regime.

1.2 Thermal Management of Electronics

As electronic products become faster and incorporate greater functionality, they are also
reducing in size and weight, with continuing pressures for cost and time-to-market reductions.
Thermal issues are critical at all levels of the electronic product hierarchy, from the chip to the
system. The miniaturisation of the system is resulting in increasing volumetric heat generation

rates and surface heat fluxes in many products.

It has been reported by the US Air Force Avionics Integrity Program that the major cause of

electronic failure is the over heating of an appliance. This is illustrated in Figure 1.2.
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prediction of heat transfer from an electronic package. Therefore air cooling of electronic

applications is the focus of this work.

Understanding the nature of the airflow around electronic components and how it affects the
transfer of heat from them is very important from a product design perspective. If the heat
removed is insufficient, then the temperature of the component will exceed the manufacturer’s

specifications and the components reliability may be compromised.

Commercially available CFD software for electronics cooling applications often include pre-
programmed components such as printed circuit boards, fans, vents, and heat sinks which
make the design process easier, allowing engineers to carry out numerous design scenarios in

a short space of time.>

1.2.3 Role of CFD within Electronic Applications

Thermal design engineers within the electronics community regularly use CFD to predict the
temperatures in new designs of electronic systems such as computers, telecommunication
racks, etc. These software tools numerically solve the governing equations of fluid flow and
heat transfer to predict the air velocity throughout the system, and the temperatures within the
components. Turbulence in the airflow is important as it influences the airflow structures

formed around a component and hence the amount of heat extracted.

There are two principal benefits from the use of CFD analysis. Firstly, CFD can reduce
development time and expense by allowing a design to be tested, improved, and optimised
prior to the creation of physical prototypes. Depending on the application, CFD may be able
to completely replace prototype testing. Secondly, CFD offers an enhanced understanding of
the physical phenomena. For example, flow path visualisation allows for the identification of

recirculation regions, helping to explain the causes of high component temperatures.

In electronics cooling applications the flow regime is often in a stage of transition between
laminar and turbulent flow due to the low velocities, small length scales and flow obstructions
encountered within the system environment. Commercially accessible general purpose CFD
procedures often neglect transition entirely and classify flows as either laminar or fully

turbulent. Clearly the drawback of such an assumption means that modelling errors are likely

10
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limitations to the application of CFD, and research is being done to overcome them. The

primary limitation of interest to this Ph.D. study is in the area of turbulent flow.

1.3 Layout of Thesis

The rest of this thesis consists of nine chapters. These detail the background to the research
and the implementation and development of low Reynolds number turbulence models and

their validation.

Chapter 2 provides a literature review which discussed previous modelling and experimental
work undertaken on electronic cooling and low Reynolds number turbulence modelling. This
is followed by Chapter 3 which provides a summary on the theory behind CFD. Chapter 4
details the theory of turbulence and provides material on RANS turbulence models such as the
zero-, one-, and two-equation models, as well as the classical log-law wall function which was

used in this research.

Chapter 5 compares the three CFD codes: FLOTHERM, PHOENICS and PHYSICA. This
comparison was undertaken on a number of test case geometries using the standard turbulence
models which were available in PHYSICA these being the £ —& and k& —® models. This is
followed by Chapter 6 which compares the above three codes on two test geometries for zero
and one-equations models. These models were implemented into PHYSICA as part of this
Ph.D. Chapter 7 compares FLOTHERM and PHYSICA against the Martinuzzi test data for a
high Reynolds number flow three-dimensional geometry. Both the LVEL and standard & — ¢

models were compared.

Chapter 8 discusses zonal models such as the Shear-Stress Transport (SST), ks — LVEL, and
the ke /kl model. Each of these models was implemented into PHYSICA as part of the Ph.D.
Also discussed is the role of the blending function which merges the two turbulence models at
locations where the regions change from high to low Reynolds number. A novel approach was
developed as part of this Ph.D. to merge the k—/ and k—& models into the ks/kl hybrid
model. Also proposed are some novel blending methods for the k& — LVEL model currently

used in FLOTHERM.
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Chapter 9 validates a selection of models that were considered most appropriate for
electronics cooling against the Meinders experimental data for low Reynolds number airflow
over a single and an array of cubes. Chapter 10 provides conclusions to this Ph.D. study and

suggestions for further work.

The thesis also contains five appendices, which provide a full description of each test case

plus other details on CFD and turbulence modelling.

1.4 Original Techniques and Findings

The research performed during the course of this project has allowed for a thorough review of
turbulence models suitable for the low Reynolds number regime encountered in electronic

cooling applications.

The author has independently implemented and performed critical testing on a total of nine
RANS turbulence models, two of which are novel, within the structure of the University of

Greenwich CFD code PHYSICA Version 2.12.

The first new model that was developed in the research is the parameter-free zero-equation
model, termed AUTO_CAP. This new model is an alternative to the LVEL CAP (Revised
Algebraic) model available within FLOTHERM Versions 3.2-6.1. The proposed model
automates the calculation of the characteristic length and velocity scales which would

otherwise be required to be specified by the user of the code.

The second newly-developed model was a zonal model, termed the two-layer hybrid ke/kl
turbulence model. This was developed to satisfy the particular demands imposed by the

electronics cooling sector. This model incorporates a novel technique which matches the

values of k, £, and v, at the interface, ensuring a smooth transition between the turbulence

models used near the wall and within the bulk flow.

Further to the development of two new turbulence models, modifications are also suggested to
the zonal k& — LVEL model available within FLOTHERM. The current structure of the model
experiences too fast a transition between the turbulence models. The novel modifications

suggested ensures a smoother shift between the models.
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All of the implemented turbulence models were validated against both numerical benchmarks

and experimental data. These validations demonstrate the advantages and disadvantages of all

the models. Both of the new models resulting from this Ph.D. are suitable for use in CFD

calculations for airflow cooling of electronic systems and satisfy the original aim of the

project and requirements of the industrial partner.

1.5 Dissemination of Research

The results from this Ph.D. study have been published in a number of peer-reviewed

publications and presented at international conferences. The list of journal and conference

papers published at the time of completion of this Ph.D. thesis are:

1.

Dhinsa, K., Bailey, C., Pericleous, K. Investigation into the Performance of
Turbulence Models for Fluid Flow and Heat Transfer Phenomena in Electronic
Applications, IEEE Transactions on Components and Packaging Technologies, Vol.
28, No. 4, pp. 686-699, Pub. IEEE (2005)

Dhinsa, K., Bailey, C., Pericleous, K., Turbulence Modelling for Electronic Cooling:
A Review, 7" International Symposium on Electronics Materials and Packaging

(EMAP-2005), Tokyo, Japan, pp. 275-281, Pub. IEEE (2005)

Dhinsa, K., Bailey, C., Pericleous, K., Turbulence Modelling and its Impact on CFD
Predictions For Electronic Components, 9™ Intersociety Conference on Thermal,

Mechanics and Thermomechanical Phenomena in Electronic Systems (ITherm-2004),

Las Vegas, USA, pp. 487-494, Pub. IEEE (2004)

Dhinsa, K., Bailey, C., Pericleous, K., Low Reynolds Number Turbulence Models for
Accurate Thermal Simulations of Electronic Components, 5™ International Conference
in Thermal and Mechanical Simulation and Experiments in Microelectronics and

Microsystems (EUROSIME-2004), Brussels, Belgium, pp. 483-490, Pub. IEEE (2004)
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. Dhinsa, K., Bailey, C., Pericleous, K., Investigation into the Performance of
Turbulence Models for Fluid Flow and Heat Transfer Phenomena in Electronic
Applications, 20™ Annual IEEE Semiconductor Thermal Measurement and
Management Symposium (SEMITHERM-2004), San Jose, USA, pp. 278-285, Pub.
IEEE (2004)

. Dhinsa, K., Bailey, C., Pericleous, K., Turbulence Modelling for Thermal
Management of Electronic Systems, 12™ Association for Computational Mechanics in

Engineering (ACME), Cardiff University, UK, Session 5b (2004)

. Dhinsa, K., Bailey, C., Pericleous, K., Accuracy of Turbulence Models and CFD for
Thermal Characterisation of Electronic Systems, 5" Electronics Packaging

Technology Conference (EPTC-2003), Singapore, pp. 507-512, Pub. IEEE (2003)

. Dhinsa, K., Bailey, C., Pericleous, K., Turbulence Modelling and its Effects on
Electronic Systems, 4™ International Symposium on Turbulence, Heat & Mass

Transfer (ICHMT), Antalya, Turkey, pp. 1163-1170, (2003)

. Dhinsa, K., Bailey, C., Pericleous, K., Parry, J., Dyson, J., Bornoff, R., Airflow
Predictions For Cooling Electronic Systems, Proc. Postgraduate Research Conference

in Electronics, Photonics, Communications & Software (PREP), Exeter University,

UK, pp. 117, (2003)
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CHAPTER 2

LITERATURE REVIEW

A literature review has been conducted of relevant experimental and numerical work for
electronic cooling applications. The turbulence models highlighted for study together with

applied near-wall treatment have also been discussed.

2.1 Experimental Cases

A range of two- and three-dimensional experimental configurations were considered as
relevant test cases for the validation of turbulence model implementation and the cooling of

electronic components.

The two-dimensional configurations consist of Poiseuille flow between parallel plates and the
classic backward facing step. The three-dimensional group consists of both low and high

Reynolds number single cube configurations, and a matrix of cubes.

2.1.1 Two-Dimensional Experimental Cases
A classic, and simple, test case is Poiseuille flow between parallel plates. This problem can be

solved analytically assuming that velocity is a function of (x) along the channel, and u is the

only velocity component. Many commercial CFD software developers use this test case as an

initial validation of both turbulence models and wall functions.” & °

This case study is
considered relevant to practical electronic applications as it represents flow in a passage (e.g.

between the back side of a PCB and the equipment casing) or between the fins of a heat sink.

Due to the popularity of this case many standard transport phenomena textbooks also state the

analytical solution of the expected velocity profiles for such a case. 101112

The natural progression from Poiseuille flow between parallel plates would be the
consideration of a backward facing step or a rib. Flow separation, recirculation and

subsequent reattachment are among the fundamental problems in fluid mechanics; both of
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these cases include these conditions which frequently occur in engineering applications such
as electronics cooling. Of the two cases the backward facing step seems to be a more popular
configuration to evaluate the performance of turbulence models due to the extensive
experimental and numerical work conducted. Attention will be given to this configuration as

the validation of implemented turbulence models is a key focus within the current work.

The experimental work of Vogel and Eaton'® is a popular dataset within the literature. They
stated that the most important factor in determining the reattachment length is the state of the
upstream boundary layer. Eaton and Johnson,' and Kim et al." indicate that the reattachment
length, which is weakly influenced by the Reynolds number,® lies in the range 7.0%1.0
times the step height, and this range is universally accepted. The simulation work of
Nallasamy and Chen'” shows that the reattachment point predicted by the standard high
Reynolds number k — ¢ turbulence model lies in the range of 5.8 6.1 step heights. However
it 1s well known that the standard k£ —& model under predicts the reattachment length by
approximately 20-25%. This has been widely discussed since the 1980-81 AFOSR-HTTM

Stanford Conference on Complex Turbulent Flows.'®

2.1.2 Three-Dimensional Experimental Cases

Turbulent flow around and heat transfer to, or from, bluff bodies can be found in various
practical engineering applications. For the purpose of this study the focus is electronic cooling
applications. Entire international conferences are dedicated to the problem of thermal
management of electronic applications. For instance SEMI-THERM, ITHERM, EuroSimE,
and EUROTHERM, therefore the interest in understanding the formation of vortex structures

and how these influence the heat transfer mechanism is increasing.

The literature review conducted by Schofield and Logan19 in 1990 further discusses two-
dimensional flow observations and considers flow over three-dimensional obstacles but draws
the readers attention to the fact that relatively little published data of three-dimensional flow
over components exist and thus all proposed flow patterns reported in their work are based on
flow visualisation studies. They further conclude that there is insufficient evidence to fully
evaluate the effect of Reynolds number on the number and position of vortices in

geometrically similar flow fields.

17



Literature Review

In 1992 Martinuzzi et al.?® 2 2> 2 attempted to fill the experimental gap by analysing the
three-dimensional configuration of flow over a cube in a fully developed channel flow using
Laser Doppler Anemometry (LDA). Martinuzzi provides a detailed description of the general
flow features around a single wall-mounted cube. The observations include the identification
of the horseshoe vortex system which is responsible for creating a downwash on the front face
of the cube and the region of reversed flow in front of the cube. Furthermore, there is a
separation of the flow on the sharp leading top and side edges of the cube, and an arch-shaped
wake recirculation zone in the lee of the cube. These flow features are also observed for a
configuration of multiple cubes. AbuOmar and Martinuzzi** recently reported that three-

dimensional bluff body flows still receive less attention than two-dimensional cases.

To build on Martinuzzi’s work, Meinders in 1998, introduced heat transfer calculations for a
similar, but low Reynolds number configuration. Meinders research focuses on the
experimental approach to the accurate analysis of the local convective heat transfer in
idealised models of electronic PCBs. One of the major goals of this research was to provide
accurate and reliable experimental heat transfer and flow field data for benchmarking
commercial and in-house CFD codes with particular attention given to the benchmarking of

turbulence models employed for the thermal design of PCBs.

The investigation was primarily focussed on the flow structures and the turbulent heat transfer
in flows over surface-mounted obstacles in a turbulent channel flow. Four test configurations
were considered: Single Cube, Array of Nine Cubes, Tandem of Two Cubes and Matrix of
Cubes. For the current work undertaken two of the four cases stated above have been selected
for investigation based on their relevance to electronic applications. The reader is referred to

the references provided for further details on the Array of Nine Cubes®> 26 27- 28, 29,30, 31

32, 33, 34

and

the Tandem of Two Cubes which will not be discussed further.

An isolated wall-mounted cube can be considered as the most basic representation of a
sparsely populated PCB. A densely populated board, allowing the study of the interaction
between components can be represented by configurations of multiple cubes. These Meinders
configurations are considered to be the most realistic of the four test cases to investigate in

this project.
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35, 36

For the single cube configuration Meinders concluded that the shear layers on the top and

side faces of the cube reattached on these faces, contrary to the conclusions made by
Martinuzzi for his higher Reynolds number case. Also a difference was observed in the
downstream reattachment length, Meinders observed a larger reattachment length than that
noted by Martinuzzi. Meinders also states that the local flow structures had a significant effect
on the local convective heat transfer from the cube.

The matrix of cubes investigated by Meinders®” 3 3% 40 is an idealised representation of an
actual PCB. The quality of this experimental dataset is believed to be high and therefore has
served as a reference dataset for the validation of numerical simulations on three occasions at
ERCOFTAC workshops held at Delft University of Technology,41 the University of
Manchester*? and Helsinki University of Technology.43

The general flow features that emerge for this configuration are similar to those observed for
the single cube. Meinders notes that like the single cube case, distinct vortex structures were
only observed close to the obstacle, while the core region above the cubes remained almost

undisturbed.

The heat transfer was measured at one powered cube in the spatially periodic matrix, while all
other cubes remained unpowered. Heat convected away from the hot cube recirculates in the
vortices causing local vortex temperatures to rise. The increased temperature levels prevent
beneficial cooling close to the cube’s surface. This again suggests that the accurate prediction
of the vortex formation is considered key for the accurate prediction of the heat transfer
coefficient. Hence for the present work the range (zero-, one- and two-equation) of turbulence
models investigated will be closely monitored to determine which model overall produces the

most accurate predictions.

Due to the extensive use of this dataset and the well documented case specifications this
configuration has been the focus of the current work and is thought of as the ultimate test for

the range of turbulence models investigated.

More recently Eveloy and co-workers 44, 45,46, 47, 48,49, 50, 51, 82 1,1 ve conducted experimental
work of actual components placed on PCBs. Their work has concentrated on arrays of Plastic

Quad Flat Packs (PQFPs).
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The main conclusion to be drawn from Eveloy’s work was that compared to the gathered
experimental data the turbulence models which showed the most promise were the one-
equation Spalart-Allmaras model® and the hybrid two-layer SST formulation™ as
implemented in the FLUENT CFD code. As the test configuration is extremely flat, a PCB
containing a number of PQFPs, little evidence of recirculating vortices would be present. The
Spalart-Allmaras model was originally designed for the accurate prediction of flow over an
airfoil and would therefore be expected to perform well for the considered geometry. The SST
model was also originally designed for aeronautics applications. However it is not clear how
these models are implemented in FLUENT so the above description is only relevant to the

models presented in the publications stated. **

Although this work is probably the most realistic representation of a PCB it should be noted
that limited information has been published with regards to the experimental configuration
therefore reconstruction of these models is not possible. One would naturally turn to

Eveloy’s™ Ph.D. thesis for guidance but the work has been restricted from public access.

Further to the experimental data access limitations this work does not consider the mixture of
low and high aspect ratio geometries which are frequently found within electronic systems.

This is an important aspect for the current work.

Benchmark data from other fields of science may be relevant for electronics also from the
point of view of turbulence. Examples include the low Reynolds number flow in steel making
tundish containers,® the flow of air around buildings (especially low Reynolds number wind

tunnel studies).57

2.2 Numerical Work

This section explores the numerical work which has been conducted on the relevant
experimental configurations discussed in the previous section. This section identifies relevant

turbulence models used to predict the cooling of electronic applications.

Most of the flow situations in the cooling of electronic products lie in the transitional regime.

At present most of the community use turbulence models that are most suited to high
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Reynolds numbers such as the standard k£ —& model. The use of these models results in errors
in the predicted flow and turbulent viscosity fields, which both influence heat transfer. Other
models such as Large Eddy Simulation (LES) have proved to be more accurate than the k—¢
model, but they require excessive computing time and resources — a serious limitation for the
design engineer. Alternative low Reynolds number versions of the famous k —& model and
the similar & —® model have proved more successful in transitional flows, especially where
the presence of many solid obstacles prevents the flow from developing fully. At present these

models have not been seriously investigated for use in simulating electronic cooling.

The backward facing step configuration is a testing case study to assess the performance
accuracy of turbulence models. Much numerical work has been done on this case study

including that of Heyerichs and Pollard>®

who examine the performance of a range of k—¢
and k- type turbulence models and wall function implementations against the
experimental work of Vogel and Eaton.' This paper concludes that from the range of

turbulence models tested the Wilcox k —a@ > ©°

model produced the most accurate results
when compared against the experimental data. Later Wilcox®' himself also reaches this
conclusion from the smaller number of models he examined.

. 82 concentrates further on variants of Wilcox’s k£ —@ model and concludes that

Menter
compared to the experimental work of Driver and Seegmiller63 the k— o based models all
perform significantly better than the standard Launder and Spalding & — & ® model. The SST
model was reported to predict the reattachment length most accurately. Menter’s colleagues,
Vieser et al.®® draw similar conclusions for a study conducted later where an enhanced wall

function treatment is applied.

Consistently Wilcox’s k —@ model and the SST model have shown good agreement with the
backward facing step configuration. Therefore both of these models will be investigated

further in the current work.

Martinuzzi’s high Reynolds number single cube configuration is a popular case; it has served
as a reference dataset for the Workshop on Large Eddy Simulation of Flows Past Bluff Bodies
held in Germany66 and for the validation of numerical simulations at an ERCOFTAC

workshop held at Delft University of Technology.*’
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The numerical work performed at the ERCOFTAC workshop was divided into five groups
depending on the complexity of the turbulence model employed. The turbulence model range
included standard high Reynolds number k—¢& with wall functions, low Reynolds number
single- and two-layer k—& models, low Reynolds number k—@ and its variant SST,
standard and modified Second-Moment (Reynolds-stress) Closure (SMC) with wall functions,
low Reynolds number algebraic and differential SMC and LES solutions.

It was concluded that usually the standard k& —& model predicts too small a recirculation in
front of the cube and too large a separation region behind it. Surprisingly, the solutions
presented showed the reattachment length behind the cube to be within reasonable accuracy of
the experiments. The two-layer models produced marginal improvements of the flow pattern
around the cube but with too large reattachment length behind the cube. In comparison the
SST model predicted a much too long recirculation behind the cube. Generally the LES
solutions were superior to the RANS models, especially in the wake of the cube, but it was
reported that the simulation time for LES was around 600 times greater than for the RANS

computations with wall functions.

Some interesting conclusions were drawn for this high Reynolds number test case by Breuer

et al.%’

Comparisons were made between four RANS two-equation models and LES with two
subgrid-scale models. In general the LES results compared better to the experiments than the
RANS models. The standard k—& model and the ReNormalisation Group (RNG) predict
poor separation results for the top face of the cube. Rodi’s® two-layer model is the only
RANS approach in better agreement with the experimental data for this face. The length of
the recirculation region behind the cube is highly over predicted by all RANS models. Both
LES solutions show better agreement with the measurements.

®9, 70 also favours the LES

The more recent work conducted by Krajnovi¢ and Davidson
approach for this configuration. They conclude that unsteadiness in the wake of the cube

means that only transient models would be successful for such a case.

Based on the conclusions reached at the ERCOFTAC workshop and the observations of
Breuer et al. the two-layer approach seems a sensible method to adopt for the current work
since it keeps the advantages of the RANS models as they are much more cost effective in

terms of run time than the unsteady LES approach.
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Little published numerical work exists for Meinders single cube configuration. However as
mentioned earlier the matrix of cubes has been used many times as a reference dataset for

ERCOFTAC workshops and is considered to be well documented.

The key conclusions which emerged from the combined ERCOFTAC workshops were that
Direct Numerical Simulation (DNS) and LES solutions for the velocity profiles were in
excellent agreement with the experiments. The Reynolds stresses are also well predicted by

these approaches.

As expected the steady-state RANS calculations were not as accurate as the time-dependent
simulations. The RANS models predicted the streamwise mean velocity profiles reasonably
well particularly in front of the cube, though inferior to DNS and LES. No conclusive
difference in the quality of predictions by low and high Reynolds number RANS models was

identified; this indicated the insensitivity of results to the near-wall treatment.

More recently Zhong and Tucker’ " "2 have conducted numerical studies on this matrix
configuration for zonal RANS/LES turbulence models. These models apply the RANS model
at the near-wall region and are proposed to circumvent the large expense of pure LES. Zhong
and Tucker compare their proposed zonal model with the experimental data and the RANS

predictions of Rautaheimo and Siikonen.”

They conclude that the proposed hybrid
RANS/LES scheme performs well, is effective at improving the predicted heat transfer from

the cube and zonal results are comparable to the LES predictions.

Tucker has continued his interest in zonal RANS/LES turbulence models. Tucker and
Davidson’® published numerical work for the performance of zonal k —/ based RANS/LES
approaches applied to plane and ribbed channel flows which have already been highlighted as

relevant to electronic cooling applications.

The study concludes that for a periodic ribbed channel the zonal LES predictions are found to
be significantly more accurate than those for an established two-equation RANS model and
also LES. Although improvements are acknowledged by these time-accurate models in
comparison to purely RANS-based models the computational expense is greatly increased. As

commercial CFD code users in an industrial environment can not afford these increases in
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computational time unfortunately these time-dependent models await further progress in
computing power to allow simulation times to be comparable to those experienced by RANS-

based simulations.

The conclusions reached by Zhong and Tucker, and Tucker and Davidson strengthen the
argument that zonal turbulence modelling is an interesting area to further pursue as a

compromise between pure single RANS models and the time intensive approaches of LES

and DNS.

Eveloy et al.*® have already identified a possible candidate model for electronic applications.
From their experimental study which evaluates the predictive capability of turbulence models
suited to the analysis of electronic component heat transfer the SST model agreed well with
the gathered experimental data for a board containing a number of flat-pack type packages.
The SST model has made its way into most industrial, commercial and many research-based

CFD codes and therefore seems an interesting turbulence model to investigate.

Menter et al.”® (originator of the SST model) have also developed a zonal model based on the
Detached Eddy Simulation (DES) proposed by Spalart et al.”® The SST-DES model has been
shown to provide better flow recovery after an obstacle in comparison to the pure RANS SST
model. However while an improved flow recovery could be computed with this zonal DES
formulation due to the large computational expense incurred this approach, together with

other such DES models, is not yet possible for electronic applications.

2.2.1 Summary of Recommended Turbulence Models

The LES approach is clearly the most favoured in the literature with regards to performance
accuracy. However the increase in computational expense in comparison to RANS-based
models is considered impractical for the constraints facing electronic design engineers using
commercial CFD software tools. Therefore some form of alternative calculation method must
be explored. From the relevant numerical work discussed in the previous section a range of
RANS-based turbulence models relevant for electronic cooling applications can be

determined for further investigation within the structure of the current work.
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Wilcox’s k—~w model and the SST model have been reported to agree well with the
backward facing step configuration and they were found to be suitable for low Reynolds
number flows.”® Therefore both of these models will be investigated further in the current

work.

Based on the conclusions reached at the ERCOFTAC workshop for Martinuzzi’s single cube
configuration and the observations of Breuer et al. the two-layer approach seems a reasonable
method to investigate as an alternative to the fully time-dependent calculation procedures
currently available. The conclusions drawn by Zhong and Tucker, and Tucker and Davidson
regarding Meinders matrix configuration further reinforce the argument that zonal turbulence

modelling is an attractive area to explore.

Eveloy et al. highlight the Spalart-Allmaras and SST models to be promising models for
electronic applications. Therefore this has prompted the implementation of the SST model but
not the Spalart-Allmaras model due to the ambiguous specification of the trip function. As

noted by the original model developers:77

“The boundary layer is “tripped”. We use this word to mean that transition in the real flow is
imposed by an actual trip, or that it is natural but its location is known. On no account should
the model be trusted to predict the transition location. The responsibility of choosing
transition points rests with the user of this turbulence model, whether through an educated

guess or a separate prediction method.”

The specification of this user-defined trip point goes against the objectives of this research
project i.e. a fully automated turbulence model, and will therefore not be discussed further.
Note that a trip point was not prescribed in Eveloy’s work and is not used within the FLUENT

implementation.

2.2.2 Near-Wall Treatment

Wall functions are widely used in commercial CFD software tools as they offer a significant
saving in computational expense compared to techniques which abandon the use of wall
functions within the structure of their mathematical derivation e.g. low Reynolds number

formulations.
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The focus of the current research is to capture the bulk flow features, hence investigation of
alternative wall function formulations is considered outside the scope of this work.
Nevertheless some attention must be given to the application and development of wall
functions. If not otherwise stated it has been assumed within the numerical work reviewed
that the standard log-law wall functions have been applied as these have been most widely
used for industrial flows. These assume that close to a solid wall the velocity and temperature
profiles can be described by universal logarithmic profiles for these quantities. It is also
assumed that in this region the turbulence is in a state of local equilibrium. This standard log-

law wall function technique will be discussed in further detail in Chapter 4.

The limitations of the existing wall function approach were recognised from the earliest days
of turbulent flow CFD. A number of attempts have been made to generalise wall functions for
non-equilibrium flows. However these schemes did not even come close to the popularity of
the standard log-law wall function approach adopted within commercial CFD codes. One of

the first attempts was proposed by Launder and Spalding.® They suggested that the wall

shear stress, 7, in the temperature log-law should be replaced by the turbulent kinetic

energy, k.

The poor performance of wall functions were brought to the focus of researchers again in the
1990s by Heyerichs and Pollard®® who compare the performance of six low Reynolds number
turbulence models and three wall function treatments. No definitive conclusions about the
superiority of any one wall function was made, expect for the general comment that wall
functions are unsuitable for complex flows where the assumptions used in their derivation are

not valid.

Recent developments in wall function strategies have been suggested by Craft et al.”® 7% 8081
to circumvent the inabilities of existing wall function techniques. Craft argues that since
existing wall functions are based on assumed near-wall profiles of velocity, turbulence
parameters and temperature they are unsuitable for complex, non-equilibrium flows. Craft
proposes that instead of assuming profiles for the dependent variables, these quantities should
be determined by solving boundary-layer-type transport equations across an embedded grid

situated within the near-wall cell.
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While computational costs have been noted to increase by up to 60% in comparison to
standard wall functions, Craft states that the results show a clear improvement in reproducing
low Reynolds number predictions over standard wall function treatment. The new wall
function method does not suffer from the slow convergence problems of a full low Reynolds
number model] treatment which requires a fine mesh near to the wall. Subgrid values of
velocity, turbulence parameters and temperature are saved per iteration so the overall storage
requirements of the new wall function are roughly equal to those of a full low Reynolds

number model.

Utyuzhnikovaz’ 83.84 has also proposed improvements to the standard wall function method.
He notes that the main disadvantage of the standard log-law wall functions is the dependence
on the mesh point closest to a wall where the wall functions are applied; problems arise if the
first cell adjacent to the wall is placed in the viscous sub-layer. Utyuzhnikov suggests that a

method of boundary layer transfer is used.

It is noted that the current study employs the standard log-law wall functions as this approach
is considered to be universally employed within the majority of commercial CFD software
tools currently on the market. The implementation of the more complex wall functions
mentioned within this literature review were considered to be outside the scope of the current

work and will therefore not be expanded upon.
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CHAPTER 3

COMPUTATIONAL FLUID DYNAMICS

CFD software codes work by dividing the region of interest, the air flow over a heat
dissipating electronic component or a car for example, into a large number of cells or control
volumes. In each cell the Partial Differential Equations (PDEs) describing fluid flow (the
Navier-Stokes equations) and temperature are discretised into algebraic equations that relate
the pressure, velocity, temperature and other variables, such as species concentrations, to the
values in the neighbouring cells. These equations are then solved numerically yielding a

prediction of the transported quantities across the whole domain.

3.1 Conservation Principles

The motion of a fluid in three-dimensions is described by a system of five PDEs: mass

conservation, x-, y-, and z-momentum equations and the energy equation.
The mass balance of a fluid element can be stated as:
Rate of increase of mass in fluid element = Net rate of flow of mass into fluid element

The conservation of mass, or continuity equation, in three-dimensional space is stated in

equation (3.1) for a compressible fluid.

%+div(pu)=0 3.1

For an incompressible fluid equation (3.1) simply reduces to the form stated in equation (3.2)

as the density is constant.
divu=0 (3.2)

The momentum equations are based on Newton’s second law of motion which states:
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Rate of increase of momentum of fluid particle = Sum of forces on fluid particle

The types of forces acting upon the fluid element are surface and body forces. Surface forces
include pressure and viscous forces whereas body forces represent the gravity,
electromagnetic forces etc. Within CFD calculations the surface forces are generally
expressed as separate terms within the momentum equations whereas the body forces are

incorporated within the momentum source terms.

The x-, y- and z-components of the momentum equation are found by setting the rate of
change of x-, y- and z-momentum of the fluid particle equal to the total force in the x-, y-, and
z-direction on the element due to surface stresses plus the rate of increase of x-, y- and z-
momentum due to sources. The three components of the momentum equation have been

stated in equations (3.3)-(3.5).

o(—p+ 0
pLu_0pria), D Oy (3.3)
Dt Ox oy Oy

p—= + +—>=+85,, (3.4)

+S,, (3.5)

It is noted that if the value of a property per unit mass be denoted by ¢ then the substantial

derivative of ¢ with respect to time is represented by D¢/Dt a definition of which is stated

in equation (3.6).

D¢=6¢+u5¢+v5¢+w5¢:5¢+u,gmd¢ (3.6)
Dt ot ox Oy oz Ot

The energy equation originates from the first law of thermodynamics which can be expressed

as:
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Rate of increase Net rate of Net rate of work
of energyof = heataddedto + done on
fluid particle fluid particle fluid particle

The total rate of work done per unit volume on a fluid particle by surface stresses is stated in

equation (3.7).

—div( pu)+ S . e S
3.7)
002, a(we) o(wr,) o)
0z ox Oy 0z

Fourier’s law of heat conduction relates the heat flux to the local temperature gradient and has
been used to define the rate of heat addition to the fluid particle due to heat conduction stated

in the following expression:

div(k grad T) (3.8)

The energy equation, stated in equation (3.9), can now be constructed by summing the net rate
of work done on the fluid particle (3.7), the net rate of heat addition to the fluid (3.8) and the

rate of increase of energy due to sources.

0 0
,0—1E = —div(pu)+ o(uz,) + (uryx) + o(ur,) + (ny)
Dt ox Oy oz ox
+6(vrw)+6(vrzy) a(wrxz)+6(wryz)+6(wrzz) (3.9)
ay 0z Ox ay Oz
+a’iv(k grad T)+SE

The specific energy E of a fluid is often defined as the sum of the internal energy i, kinetic
energy %(u2 +v: + wz) and gravitational potential energy. The gravitational force is

regarded as a body force and can therefore be included within the source term.
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Normally the energy equation is expressed in terms of the internal energy i or the

temperature T . Equation (3.10) is the internal energy equation.

Di 0
p—lz—pdivu+a’iv(kgraa’T)+rxxa—u+rx6—u+rzxa—u+rxy—v
Dt ox oy Oz Ox (3.10)
ov ov ow ow ow .
+7,—+7,—+7,—+7,—+7,—+3§,

oy oz ox 7 oy 0z

For the purposes of the current work the internal energy equation expressed in equation (3.10)

is converted into the temperature equation for incompressible flow i.e. divu=0 using the

relationship i = C,T and is stated in equation (3.11).

DT ou ou ou ov
C —=divlk dT)+7 —+7_ —+7 —+7_ —
£ % bt (kgrad T)+z, ox Yoy "oz Tox

ov ov ow ow
+7, —+T, —+T —+T +7,, —+38,
Yoy Poz ox 7 Oy Oz

3.1.1 Navier-Stokes Equations
The viscous stress components 7; which appear in the governing equations for momentum

and energy transfer are unknown quantities. Using Newton’s law of viscosity approximations
can be made for the viscous stresses as a function of the local deformation rate, the nine
viscous stress components are stated in equation (3.12) for incompressible fluids, hence

divu=0.

Ou ov ow
T, =28— T, =2u— T_=2Uu—
xx ﬂax W /lay 2 'uﬁz

O £ R0 I (9.
*y”‘”ayax ARE I PP yzzy'uézay

Substitution of equation (3.12) into the x-, y- and z-momentum equations (3.3), (3.4) and (3.5)

(3.12)

respectively and the internal energy equation (3.10) and after some simplification leads to the
Navier-Stokes equations (3.13)-(3.16) written in their most useful form for the development

of the finite volume method.

31



Computational Fluid Dynamics

Du op

E:—a-+div(,ugradu)+SMx (3.13)
p%z—%+div(,u grad v)+S,, (3.14)
p%:—%lz)-+div(,ugrad w)+ S, (3.15)
Di : .

p—D—t=—pa’zvu+a’zv(kgraa’ T)+(D+S,. (3.16)

The dissipation function, @ stated in equation (3.17) for incompressible fluids, which appears

in the internal energy equation represents all the effects due to the viscous stresses.
2 2 2 2
(I):/u 2 (.Q’ij + @. +(a_wj + a_u+§K
Ox oy 0z Oy Ox
(6@1 awj2 v ow)
+H—+— | +| —+—
0z Ox 0z Oy

An explanation of the derivation of both the conservation and Navier-Stokes equations can be

(3.17)

found in Patankar®™ and more recently Versteeg and Malalasekera® as well as many texts

related to the introduction to CFD and will therefore not be repeated here.

3.1.2 General Conservation Equation

All the dependent variables of interest obey a generalised conservation principle. If the

dependent variable is denoted by ¢, the general differential equation therefore takes the form

of equation (3.18).

a(gzm +div(pgu) = div(T grad §)+S, (3.18)

Transient term + Convection term = Diffusion term + Source term

32



Computational Fluid Dynamics

The quantities of the diffusion coefficient, I', and the source term, S,, are specific to a

particular definition of ¢ .

Noting that all the relevant differential equations for heat and mass transfer, fluid flow,

turbulence and related phenomena can be thought of as variations of the general ¢ equation is

an important time-saving step as now we need only concern ourselves with the numerical
solution of equation (3.18). Hence CFD software developers need only write a general

sequence of instructions for solving equation (3.18) for different meanings of ¢ along with

appropriate expressions for I' and S, and suitable initial and/or boundary conditions.

The set of differential equations described by the general equation could, in theory, be solved
for a given flow problem by using methods from calculus. However, in reality, these
equations are too difficult to solve analytically. In the past engineers would make further
approximations and simplifications to the equation set until they had a group of equations that
could be solved. Nowadays high speed computers are used to solve approximations to the
equations using a variety of techniques such as the finite difference, finite volume, finite
element, and spectral methods. For the purposes of the current work the finite volume method

will be adopted.

3.2 Discretisation Concept

The starting point for the numerical solution of the above general conservation equation is its
transformation into a set of algebraic equations that can be solved easily using direct or

iterative solvers. Consider the two dimensional mesh illustrated in Figure 3.1.

33






Computational Fluid Dynamics

apdp =D a +S, (3.20)
i=1

Where a, and q; are the coefficients containing the transient, convection and diffusion

contributions. Suitable approximations and schemes are used for the convection (i.e. upwind,

hybrid, etc) and diffusions (i.e. harmonic mean, etc). The term S, contains source term

contributions which are dependent on the variable being solved. The above algebraic

equations are suitable for solution by computers.

In CFD we have a set of algebraic equations for the velocity variables (u,vand w) , the

temperature (T ) and mass continuity. These are highly coupled systems which are solved

using numerical techniques such as the SIMPLE algorithm (see Patankar® and Versteeg and

Malalasekeraae).

It should be noted that for structured meshes the control volumes are staggered where the
velocity control volumes are located differently to those used for pressure and temperature.
For unstructured meshes the control volumes are co-located and techniques such as Rhie and
Chow® are used to approximate fluxes at control volumes and this avoids the need for a

staggered system.

In summary discretisation makes it possible to replace the governing partial differential

equations with algebraic equations which can be solved numerically using computers.

3.3 Differencing Schemes for Convection

The purpose of a differencing scheme is to evaluate the face value of ¢ which is required to

be substituted within the discretised transport equations.

The general form of a differencing scheme is expressed in equation (3.21)
¢face = ¢i—1 + 05B(¢1—1 - ¢i—2) (321)

where B is a function of r, defined in equation (3.22).
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