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Abstract

An efficient method for the analysis of real 3D
conjugate heat transfer for electronic devices is
presented. This methodology is based on the coupling o
two software : a conductive software based on the
Boundary Element Method (REBECA-3Dand a
convective software based on the Volume Finite Method In many cases, the globand classical numerical
(FLUENT). The methodology is tested on a Multi Chip methods to compute conjugate heat transfers are
Module (CPGA224) for which experiments have beencumbersome to use when great accuracy is required.
performed by the CNRS (French National Center for This problem is all the more important since it is linked
Scientific Research). to scale difference, for example between the thickness of

the chip and the length of the Printed Circuit Board, on
which the package is connected. Global catesisually
based on Finite Volume Method combined with multigrid
1. Introduction technique for which similar sizes of meshes are required.
To reach a sufficient accuracy by such a global approach,

In order to provide the electronic functiand to the number of nodes must be counted in hundreds of
improve reliability and performances of electronic thousands of nodesnd even often in millions of nodes.
packages, one of thabjective of the electronic companies This is an obvious obstacle to industrial applications.
is to accurately predict the operating temperatures of As such a globaandaccurate process is stdbmplex
critical parts. Then, the current miniaturisation of and slow for designing, many engineers prefer to use
electronic devicesand the highgroower density have approximate method (which is more or less reliable but
introduced increasing of the temperature of the chips.veryfast) or a global approach witkery fewnodes.This
Forced convection by flowingir over the component is last technique does not provide a good accuracybode
also mandatory. all makes it impossible to quantify the introduced errors.

In the domain of the conjugate heat transfers, all This drawback is particularly disturbing for designing
physical phenomena must be taken into accoumnedis as the process usually involves a series of modifications at
the complexity ofthe flow (real 3D, recirculationwakes the level of geometry, boundary conditions,
interacting with obstacle) ake high gradients inside the conductivities... because many calculations are required.
chips. To reach these objectives, a new methodology is To be able to solve a complex problem withlge@od
used, which combine two different industriabdules : a  accuracy in a reasonable time, a coupled approach is
conductive software (REBECA-3@nd acomputational  better [1]. Theconductiveand convective transfers have
fluid dynamics (CFD) module (FLUENT). to be coupled at the boundary condition lev€&ur

In this paper, we first present the selected numericalobjective is then to consider thebest software
techniquebeforetesting and validating it on an industrial depending on the heat transfer mode : one for conduction
example on which experiments have been performed byandone for convection. The next step is to coupkm
CNRS. and to achieve the convergence.

f2. Numerical techniques

2.1 Why to develop a new approach?
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On theconductive model, Robin boundary conditions
are prescribed as follows :

2.2 The conductive software : REBECA-3D = for the first iteration, all theonvective coefficients
are identical and equal to an estimated value. The mean
temperature of the fluid is also predicted.

= for the next iterations, theonvective coefficients of
each faceand the fluid mean temperature are calculated
by the CFD softwareEach mearconvective coefficient is
computed by dividing the total flux on the facet by the
difference between the fluid mean temperaamd the
wall temperature.

Developed by Epsilon Ingenierie REBECA-3D
(REliability BoundaryElement Conductive Analyser in
3D) is a thermakoftware. It allows the determination of
temperature fieldgnd flux distributions for 3Dsystems
when thermal transfers are driven byonductive
exchanges [2] [3].

REBECA-3D is based on the use of tBeundary

Element Method whose principal property is to provide a hypotheses ;

reduction in dimension, so that three-dimensional estimated values of oy,

problems are reduced to a sequence of two- dlmensmn

problems, involving only surface integration. model of the solia

boundary temperaturemnd fluxes are calculated without re——— REBECA 3D «—
the discretization of the domain. The saving nofdes

allows to solve more complex problerisan by using quxes

more classical methods such as Finite Difference Method,
Finite Element Method... The advantage is @RU time

saved by REBECA-3D. geometric

The Boundary Element Method is alsawexry powerful CED Software
tool that can beused to carry out a great number of
parametric studies with aery few calculations. The ‘
conception of the software is carried out in accordance
with these requirements.

REBECA-3D is then an ideal tool for engineering

design. It makes it easier to generate the data required to
run aproblemand tocarry out the modifications needed ~ With these convective boundary conditions, REBECA-

on the boundary

convective boundary
conditions

values of .., and of Ty e
on the boundary

fig. 1 : Schematization of the methodology

to achieve an optimum design. 3D computes the conductive field of the package and
gives the fluxdensitand thetemperature of each mesh
2.3 Convective software on the boundargnd then the mean temperatared the

total flux of each facet. These fluxase themprescribed
on the interface facets of the convective model.

When values of changbdecomeidentical from an
iteration to another with regard to a software, the
convergence of the coupling is achieved. The test of
convergence maythen be performed between the
temperatures of the wall computed by both software.

For the modelling of theconvective transfers, a
commercial computational fluid dynamics (CFDByde
has been used [4]. This flow solver is based on Finite
Volume Method combined with Multigrid Method.
Physical models include laminar or turbulent
incompressible flownatural convection and boundary
convection for fluid flows.

2.4 Coupling conduction and flow 2.5 Validation on an academic example

The methodologyhas been first validated on an
academic exampléhat a CNRS laboratoryhas studied
usmg a global method (Finite Volume combined with
multigrid technique). This problem of validation
simulates in a realistic but academic way the cooling of an
electronic equipment in forced convection. An obstacle on

a PCB with the presence of a small dissipating chip is
considered [5]. Comparisons between the results given by
the referenceodeand our approadilowed to chose the
methodology relating to the meanconvective heat
transfers.

Coupling of the conductivand convective transfers is
performed by passing energy between both solvers at the
fluid/solid interface. Although there are in fact two
disjoint meshes at the interface between fluid/solid, (a
convectivemesh and a conductive mesh), it is possible to
transfer energy at the boundary condition level with the
notion of mean value on a facet (geometrical surface on
which only one boundary condition is applied).

Due to discontinuityand convergence, the possibilities
of algorithm are reduced. The use of the meanvective
transfer coefficient by facet is the best solution. This is the
easiest way to transfer energy without any mesh problem.



It is interesting to notice that the coupling is set up with

ceramic chip carrier. The chips are stuck by their inferior

mean values at the facet level. So if the zones are ndace in the ceramicavity and dissipate a power P. They
thermally homogeneous, the transfer of parameters magre grouped by 4 to form 4 zones. Heat dissipation within
introduce some small differences between conductive andhe silicon die is assumed to be volumetrically uniform.

convectiveresults. It isobviousthat the more thermally
homogeneouthefacets are, the better the resddezome.
Choosing a reference temperature closethe facet

The small cavity of the chip carrier is filled with air and
covered with a lid. As it is only aboitnm high, nanass

flow exists and the cavity can be modelled as a conductive

temperature is also preferable. In the case of an automatigolume. The package is mounted onepoxy substrate
coupling, it would be better to transfer the mesh which is 1.5mm thick (size : 160mm x 120mm) with pins.

convective coefficient@and theeference temperatures,

equal to these of the first cells. Such an approach isZ°"€l

actually forbidden by the limitation of theonvective
software.

Theuse of two software gives a very good accuracy for

the temperature of the chip withlery few steps of
iterations. In general, leghan 5iterations are required.
To converge the fluid mechanical equatic@BU time
consumption is required only for the first calculation.

As meshes are disjoint on the geometry, the required

model mesh size is dramatically reduced. In 8iigly,
the objective was only ttest the methodology, to validate
it and toapply it on anindustrial and realistic example.
So, at present, two models are built : a conductive a
convective model. The finabjective is to substitute the
prototype of interface for a user-friendly one without
manual action to transfer parameters

3. Application to a MCM

This example deals with the cooling of a MCM (Multi
Chip Module : CPGA224) mounted on a Printed Circuit
Board and made up with with 16 semiconductor chips.

3.1 Description of the example

To demonstrate the whole interest of thethodology
on an real and industrial example, the attentionbess
focused on the thermal behaviour of a Multi-Chip-Module

Representation :
Y, of the package
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fig. 2 : Structure of the mounted component

Some thermal material properties such as the thickness
of the glue and theonductivity of the ceramic havgen
characterised by a first experiment based on a double jet
in a bath. In thixase, because tie highvalue of the
convective coefficien{heat coefficient in the order of
20000W/mz2K), only conductive aspects needed to be
modelled and no coupling is necessary [6].

The thermal conductivities of the involved materials are

: the CPGA224. This structure has been studied in thdisted in table 1 :

context of the European collaborative project named
DELPHI (for DEvelopment ofLibraries of PHysical
models for anlntegrated design environment) under
contract with Alcatel Espace. The project consists of a
mix of industrial companies manufacturing a range of
electronic equipments, a software suppliend a
university-linked research institute, namely : Alcatel
BELL, Alcatel Espace, NMRC, Philips, Thomson CSF,
Flomerics. The project is concerned with theevelopment
and experimental validation of thermatodels of a
variety of electronic parts.

The electronic package is a block which is about 45mm
long and 3mmdeep (cf. fig. 2). The studied structure is
really 3D with the same dimensions in lengthd in

width. It consists of 16 semiconductor chips mounted in a

material | ceramic| chip lid| glue pin platg
conductivity | 22.0 | 155 130 1.0 17 0.
tab. 1 : Thermal conductivities  (W/mK)

For the computational study, the thickness of the glue
hasbeen identified to 3m. It is obviouslyone of the
most difficult parameter to quantify. Becausdtsf slight
thickness, the glue has not been modelized by a domain
but only by a contact resistance.

3.2 Testing in rough water

This experiment (performed by a CNRS laboratory
(L.E.T. from Poitiers) for Alcatel Espace) deals with the
cooling of the CPGA224 in a bath of rough water. So, in



this study, the contribution of radiative heat transfers may governing momentum equations of fluid mechanics and
be neglected. calculates a equivalent conductivity
The geometry of the experimental setup is given on)\.q=a D\ﬂuid+(1—0()D\sond. These porous media are
figure 3. The sample is put in water bath in vertical
position with the topand bottom surfaces of the package
parallel to the gravity and to the outlet of the pump.
The package is cooling by forced convection. The

agitator generatesflow rate of 6 I/mn in a diameter of 8 %/////%

mm. The inletvelocity of the water at the exit of the O i AMMIMIDILDDLNN
agitator is equal to 2,65 m/s. The mean temperature of the Pins —» A

porous zone
Ly - equivalent
fluid is 20,4 °C.

290 mm

prescribed on both sides of the plate (cf. fig. 5).

=>

wall

Plate

320 mm

Porous zone
modelised with FLUENT

agitator
s

the package
modelised with REBECA-3D.

fig. 3 : Schematic view of the experimental setup fig 5 Principle of the modelling of the pins
In the table 2, we givehe differences between the

measured mean temperatures and the fluid temperatures: - ; - .
b & conductivity of the plate is modified. An equivalent

Zonel| Zonea Zone|3 Zonepd conductivity is calculated as follows :
Powers (W) 5,83 3,08 4,51 4,12 Aeq=0 A oae (1_0( ) Dpins= W / mK.

(T mear Tria) (°C)| 32,4 21’2_ 23.9 22,3 As the interface between the package the flat plate
tab. 22 (T e, - Tya) (°C) Of the different zones has been modelled by FLUENT, the conduction in the

packageand in the plate has to Hévided in twoparts.
3.3 Modelling of the pins The selected solution consists in modelling the conduction
in the plate with FLUENT. The introduced inaccuracies
are insignificant faced with the uncertainties of the model.
Because of the dimensions of the packageregously
said, theonly way toaccurately modeit, is touse the
Boundary Element Method and REBECA-3D.

In the part where the plate ¢sossed bythe pins, the

mean

In this experiment, the maiproblem deals with the
modelling of all the pins which link the package on its
support. Due to their small size and their important
number, it is impossible to exactly represent them.

When the cooling is performed with a fluid such as
water, the fluid mechanics may not be neglidietiveen 3.4 Results
the package and theate (cf. fig. 4). Thus, we have to
consider an appropriate modelling dealing with the When the convergence of the model is performed, the

conductivity of the pins and the velocities in this zone. mean temperature difference betwele numerical and
' — ' experimental result is equal to 1.8°C (error 5%).
= Zone 1| Zone? Zone3 Zonel
Speed —> Numerical 33,1 18.8 26,4 24,0
1.5m/s >
Thermal Experimental 32,4 21,2 23,9 22,3
_/ W flux N H . o
e tab. 3 : Comparison of the results : (T ...~ Taia)(CC)
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fig. 4 : Schematic view of the thermal exchanges Like in the _academic exa_mple, the convergence of the
methodology is performed in lefisan 5iterations. For
The chosen methodology consists in modelling the pinsF UENT, the convergence of the mechanical equations is
with FLUENT by a porous medium characterised by the jong to be set up contrary to the thermal equations. This
permeability (pressure drop of the medium by unit of explains the difference in CPU betwetha firstFLUENT
length, 10 Pa/m), thporositya (ratio of the fluidvolume  calculations (some hourgnd thdollowing ones (only
to the total volumeqp=0.974) and theonductivity As of few minutes). After the first step of iteration, mechanics is
the solid part of the medium. Through thmrous less sensitive to thermi@nd modifications of boundary
medium, FLUENT adds a term of pressure drop in theconditions do not imply problems of convergence.



3.5 Views field in the rough bath and the zone of separation just
. . f the chi behind the package. After this zone, there is an increasing
Figure 6 shows the gradient of temperatures of the chipg ¢ velocity becausehe fluid has ended to lap the

given by REBECA-3D. package.

4. Conclusion

Experimental investigation has been carried out to test
and compare the numerical results. Quethodology
allows to tune the results with lesgmntwo degrees when
few parameters are previously identifiethis hasbeen
sucessfully performedhanks to theaccuracy of the
modelling of the conductive and convective transfers.

We have foundvery interesting to modelize the
complex mechanical and thermal influence of the pins
while using the notion of porous surface.

Due tothe high value of theonvective coefficients in
water, it is useless to take into account the radiation
modelling.However, ifthere is a need, as for example in
calm air, acorrect term may be added at theundary
condition level (cf. a next paper).

Today,this coupled method seems to be one ofliast
LEmal approach to modelize conjugate heat transfers.

fig. 6 : Conductive temperatures (REBECA-3D)
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Figure 7a shows the temperature field in the rough bath
and the increasing of temperature behind the package due
to the heating of the fluid. Figure &howsthe velocity
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f:ig:=7a : Temperature field in a rough bath
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