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ABSTRACT

Navier-Stokes and energy equations are numerisallyed
for modelling fluid-dynamical and thermal behavioof air
surrounding  horizontally arranged Dual-Inline-Memor
Modules. A complex three-dimensional flow pattera i
highlighted, that significantly contributes in hehligsipation of
the analysed electronic devices. The present corwation
contribute, as scientific and technical tool, fovéstigation on
critical cooling conditions for electronic equipnmieand for
innovative projects of fan-less computer architezxtu

NOMENCLATURE

G [J/(kg K)] Isobaric specific heat

g [m/s] Gravity acceleration

| [ Identity tensor

k [W/mK] Thermal conductivity
Qomm  [W] Power supplied to DIMM
R [M?K/W] Interfacial thermal resistance
T [°C] Temperature

t [s] Time

u [m/s] Velocity vector ¢, v, w)

z [m] Cartesian axis direction

Special characters

n [Pas] Dynamical viscosity
) [kg/m?] Density

Q [m Volume

b3 [m2] Surface

Subscripts

CHIP CHIP

PCB Printed Circuit Board
INTRODUCTION

Thermal design of electronic devices is an argurnoéhigh
scientific, industrial and economic interest beeaud the
primary importance that reliability and performanakthese
equipments cover in a very wide domain of technicklg
applications. Electronic devices produce heat lagproduct of

their normal operation. When electronic devices ai
efficiently cooled their lifetime and reliabilityra dramatically
reduced. The reliability and lifetime of semi-coothr
components are mainly influenced by thermo-meclzdigic
induced stress and operation temperature, bothhwhwdepend
on the thermal design [1]. Solder joint reliabilisyin particular
a key aspect of electronic package reliability [Bkcause of
periodical thermal loading, solder joints are sotgd to fatigue
mechanical stresses. In order to assure corredlitomms for
thermal dissipation of electronic devices duringeith
functioning, several kinds of heat transfer mecksi are
commonly adopted in technological applications, hswes
natural, mixed or forced convection. The passivaratier of
cooling by natural convection makes it very atiraectfor
application in electronic devices. Cooling of corgguboards
can be studied by idealizing them as forming hariab or
vertical channels [3]. The buoyancy force due tmgerature
difference acts on the fluid causing it to flow tipough the
channel. This is reliable, low cost and mainteeafree [4].
Moreover, some of the above discussed componeots)atly
designed for operating in forced convection condsgi
commonly operate in off-design mixed or natural \amtion
conditions. In fact, in very wide real operativenddions,
cables, drive bays, and brackets can determingtassyof the
forced airflow over the electronic components, ifogc the
subsystem to operate in natural convection. Thesefoatural
convection represents a critical heat transfer reicim
assuring cooling if forced airflow, for any reasofalls down.
From a theoretical point of view, cooling of electic packages
has created emphasis on understanding the basieatore
fluid flow over discrete heat sources, which hav#erent
characteristics from the traditionally studied cecton from a
heated whole wall [4]. On the other hand, moshefdtudies in
the literature are regarding vertical channel$[%] while only
few investigations can be found concerning the hesatsfer
from discrete heat sources inside horizontal chiaroe air [8,



9]. Recently, the horizontal configuration has takeparticular
interest because of the innovative architecture®iaml-Inline-
Memory-Modules (DIMM) disposition proposed for Ramal
Computers by some of their leading constructorg.[16 this
study we numerically analyze natural convectiont hemnsfer
for DIMM systems, disposed as predicted by a rdgent
proposed form factor. The considered physical syste
modelled by horizontal air-filled layers bounded pgrallel
walls in which multiple heat sources are presepthBransient
and steady form of Navier-Stokes and energy equsitire
numerically solved by using a FEM based software.

PHYSICAL SYSTEM

The actually most used Random Access Memories in
Personal Computers are the Dual-Inline-Memory-Medul
(DIMM). They are made of 4-16 chip of synchrony dygmical
memory with random access (SDRAM), type DDR (Double
Data Rate) or DDR2 [11]. Chips are characterizedvbyy
small dimensions (i.e. 135x30x1,3 mm) and theyraceinted
on a Printed Circuit Board (PCB). The PCB disposésa
certain number of PIN both on its top and bottoroefaAn
example of a DIMM is reported in Figure 1. Thesenponents
are object of the Joint Electron Device Engineer®guncil
(JEDEC) standards [12]. According to JEDEC speaifans,
the mean parameter indicating thermal performaridelM
is the total thermal resistancéror between miniaturized
integrated circuit and surrounding environment.sTigipresents
the sum of sequential thermal resistances, sucfuragion-
package resistance, package-heat sink resistadnaenéat sink
is present), heat sink-ambient resistance (Figure 2

135 mm

Figure 1 Bottom and backside views of a DIMM module.

By knowing6+o7 value, it is possible, for a chosen ambient
temperature Auesient and for a standard active power of 1 [W],
analytically evaluating the junction temperaturgnErion Of
the chip. In order to guarantee the reliabilitytbé memory
modules, it is strictly necessary that chip doesawer, during
its functioning, the maximum temperature recommeridethe
technical documentations of constructors. Thedeegaare
commonly comprised in the range 80-110 [°C]. Fadictive
estimation of operative temperature of DIMM, leagin
constructors recommend computational modelling pitesof
analytical determination of temperature by JEDEGidations
[13]. In fact analytical determination ofyJuction could be not
exhaustive because of the lack of considerationseferal

significant factors, first of all the proximity obther heat
sources.
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Figure 2 Scheme of a cross section of a chip mounted on a
circuit board: primary thermal resistances.

Considering a vertically disposed mainboard (tower
configuration for a PC case), according to a rdggmoposed
form factor, DIMM modules are arranged in horizdnta
disposition, as showed in the top portion of Feg8r The PCB,
where chips are arranged, is perpendicularly caedeto the
vertical mainboard by specific sockets with lategalides.
DIMM are electronic devices that do not emit enengythe
form of radio or electromagnetic waves. On the dasi the
conservation law of energy, we can estimate thattre
electrical power absorbed by DIMM is then dissipatas
thermal power, according to the Joule effect. Imleorto
evaluate the thermal load it is so recommendablguiantify
the electrical alimentation power.

Figure 3 Principal components arranged on a mainboard,
according to a recently proposed form factor.

That is given by a basic portion independently alfssad for
any operative conditions (related to active and-gharge
states), added by another portion characteristithefspecific
operative state, such as activation commands, /oypiut



operations or writing/reading operations. The tatldctrical
power absorbed by a memory module can be evaluayed
specific expression reported in the constructorshriieal
documentation [11, 13].

NUMERICAL MODEL

Let now consider the geometry reported in FigureAd
shown, a twin set of chips is overlapped on twoizomtal
circuit boards fixed in their backsides to sockets.
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Figure 4 Geometrical scheme of the studied system.

The electronic devices stand in a surrounding @iume. In
natural convection, the fluid is propelled by thekancy force,
generated by a non-uniform density distribution dadocal
temperature gradients. In the present configurati@ating of
fluid is related to the presence of heat sourdesged in the
air volume. The physical system is mathematicatlyegned by
conservation laws: Navier-Stokes equations, charaatg
laminar flow of an incompressible fluid, and energpuation,
defining the equilibrium between heat fluxes andtreurces.
The governing partial differential equations aeparted in
following for the different considered domains,pestively:

p%+p(u[ﬂ])u=DEE—p| +7(0u) ]+ (o-p)9
Ofpu)=0

pcp‘%mrq-km)mcpu MT =0

PCB and sockets:
oT

PeceCrpca E +0 [q_kPCBDT) =0
Chip:

oT
PerirCrchip E"’ g [q_kCH\PDT) = nCHiDg-;ACHIP

Definition of adopted symbols in the above equatiamne
defined in nomenclature. Fluid-dynamical boundawgditions
can be qualitatively expressed as:

* No-slip conditions on interfaces between fluidi aolid
elements;

* Imposed pressure value on the top boundary ofl ik
domain;

< Slipping conditions for the velocity vectors oatdral
boundaries of the fluid domains (3D models);

while thermal boundary conditions can be resunsed a

« Adiabatic walls for circuit boards and socket;

« Convective heat flux for the top boundary of thed
domain;

e Imposed temperature (ambient temperature) for the
bottom boundary of the fluid domain;

Thermo-physical properties of materials are coneidle
constant for chip (silicon), PCB and sockets (FR#hile
density, viscosity and thermal diffusivity of aireaexpressed as
function of temperature. Spatial operators of cuomus
conservation equations are discretized on no-siredt
computational meshes, made of triangular (2D) taledral
(3D) elements automatically generated by the usdtivare
(COMSOL MultiPhysics, version 3.2). Then, discrete
equations, with boundary conditions, are numerjcsdilved by
using a direct method (UMFPACK) for linear systems.
Computations are carried-out on a 64 bit calculafdt6 GB of
RAM.

Validation of Numerical Model

Validation of numerical models has been assured by
successfully comparison of test results with experital data
coming from literature. In particular, results afmslation for
vertical channels with multiple heat sources pluhge air,
have been preliminary compared with those experiatign
obtained by Ortega [14]. In Figure 5 we report getyn
thermal and fluid-dynamical fields obtained resjpyety for 2D
and 3D numerical models built in conformity withspect to
the system analysed in the reference.
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Figure 5 Geometry (2D, 3D), thermal fields (2D, 3D) and
velocity fields (2D, 3D) of the numerical model tdor
validation with experimental results previously fisthed [14].

In these models length of PCB is 0.13 [m], whikethickness
is 0.002 [m]. Ambient temperature is set 27 [°CHarheat



sources globally dissipate 1 [W] of power. In Fig@ thermal

transmittance § between the-heat source surface (4 surfaces

for the presented model) and inlet section fordflubtained
both for 2D and 3D numerical models, are comparéith w
experimental results of literature [14].
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Figure 6 Comparison of thermal transmittance [W/(m2K)] for
vertical channels in natural convection conditibesnveen
present 2D (circle) and 3D (triangle) numericautesand
those experimentally detected in the referenceafe]yl14].

The compared thermal transmittance is defined as:
1
EJ'qdz1

B P
gITs,idzz “Tio

whereX; andX, are the total and vertical surface of the heat

sources respectively; @s the specific thermal flux and gfand
Ts;are the inlet temperature for fluid and ikeertical surface

mean temperature. From Figure 6 a very good agneeme

between present results and those published inefieeence is
evident. Remarkable small gaps between presenltgesith

respect to reference are probably due to thin rdiffee in
geometry of systems.

RESULTS

This section is divided into two subsections. la fiist one
both transient and steady two-dimensional solut@iniavier-
Stokes and energy equations are presented forvinemad
section of the analysed physical system, whilehia $econd
one three-dimensional steady models are discussed.

Transient and steady 2D models

In Figure 7 we report thermal and fluid-dynamidelds for
4 time steps of a transient analysis conducted tenaporal
range of 0.1 [s]. System is initialized with resinditions for
ﬂuid, TAMBIENTZSO [OC] (t:O [S]) and a power @M:O.S [W]
globally supplied to the heat sources. The trangiere for the
system has been detected to be very short. Flaidi-sonfined
by the overlapped solid layers, is quickly propelley chips
heating and forced to flow outside the semi-cordimegion
(t=0.03 [s]). Velocity field assumes a pseudo-palialprofile,
reaching its maximum in correspondence of the reiddbion

between overlapped boards (t=0.07 [s]). At the séime, a

convective fluid structure begins to form closeth@ upper
circuit board and backside socket. Then, this tirecassumes
a defined shape while a second dissipative redaitiog cell

appears in the semi-confined region of fluid (t=(0s]). At

steady conditions, illustrated by picture in FiguBe this

“internal” re-circulating cell increases, extendinger a half
about of the semi-confined cavity.

Time=0 Time=0.03
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Time=0.07 Time=0,1

-0.005 ) 000s 001 0015 002 0025 0 0005 001 0015 002 0025 003

Figure 7 Transient temperature fields, streamlines of faowd
velocity vectors fort]1{0; 0.03; 0.07; 0.1} [s].

Its rotational motion induces arising of a furtliéssipative
“half-roll”, standing close to the geometrical eaflithe solid
boards and chips. Generation of counter-rotatingvective
cells is induced by the onset of thermo-convecingability,
certainly amplified both by adherence conditionbatndaries
and geometrical singularity in the cavity shape.
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Figure 8 Thermal field and streamlines of flow at steaditest



Externally, the flow pattern is worthy influencedy b
flowing-up air, that sensibly modify the shape loé tonvective
transient roll observed in the left top portiontbé considered
domain. On the other hand, in the left bottom vatuof air, a
dissipative flow structure is clearly observablemperature
field is strongly dependent on fluid flow. The maxim
detected value of velocity is about 0.095 [m/s]ipSharranged
on the top circuit board are obviously hotter thlanse placed
on the bottom one. Maximum detected temperatuaddgit 54
[°C] for this simulation.

Steady 3D models

Three-dimensional simulations have been carried-tort
different models approximating the considered DIMAM first

we studied portions of the electronic device, diéth by
transversal surfaces considered as symmetry/stipjpilans.
Models containing 1 and 2 chips arranged on eaglstnface

of the overlapped PCB were firstly studied. Then reno
complete models have been built. In Figure 9 thérma
distribution for a 8-chips model is plotted. It repents a half of

a twin DIMM of 8 top-arranged chips. Lateral guides
supporting PCB are observable in the left parthefdimulated
geometry, as well as the socket in its backsides Tight
transversal section surface represents the coesider
symmetry/slipping section of the system. Thermald an
dynamical fields presented in Figure 9 and Figufe ate
obtained for a supplied power pv=1 [W] and for
Taveient=30 [°C].

Figure 9 Temperature distribution on solid surfaces ofchips
model of DIMM.

Thermal distribution highlights that the maximumlue of
temperature is found in correspondence to the tthiid placed
on the top PCB. The range of the simulated opexativ
temperatures, and the maximum detected value §6 [°C]),
well fit with those suggested by the leading camnstrs of this
kind of electronic devices. The Rayleigh numbea)(for the
specific system (based on the fraction between c¢ha
horizontal surface and its perimeter) is[Rd..1:10%; 1.451C°).
From Figure 10 fluid flow is observable. In thattpire colour
scale is plotted in order to quantify the local Blls number
(log(Nu)). This way of plotting is helpful for emakizing in
which spatial portion of the air domain the conugrtheat

transfer becomes preponderant with respect ta@dheuctive
heat flux. As previewed by 2D models, flow pattermcipally
consists in a dissipative convective roll. That rthe-
convective structure is seen to assume a cylindsbape,
helicoidally developed along the backside confineme
determined by the socket. From 3D simulations fiassible to
observe as the convective structure also develops lateral
confinements of the fluid slot. Thermal transpoitection
follows the helicoidally developing of the fluidrstture, from
the lateral guides (left side of the Figure 10}He lateral end-
section of the geometry, where symmetry boundanditimns
have been set up (right side of the Figure 10).
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Figure 10 Streamlines of flow for a 8-chips model of a DIMM;
colour scale quantifies local Nu number.

The convective eddy results more intense in thétrigp
portion of the fluid volume, where convective hétak reaches
its maximum value. It seems that thermal energgpdpced
inside the control volume, is worthy transported the
highlighted roll, that “ejects” heat upward, vexigse to the top
right corner of the fluid domain. Simulation of gsgem of two
entire memory modules, made of two overlapped tewauit
boards, arranging 8 chips each one (for a tot@2thips) is

finally represented in Figure 11.

Figure 11 Temperature distribution and streamlines of flaw f
a double 16-chips model of DIMM obtained fofkent=30
[°C] and Qum=0.5 [W] (one PCB is suppressed in plotting).




In that picture one of the four PCB is omitted mdler to make
clearly visible streamlines of flow in the semi-fioed air
volume. Both fluid-dynamical and thermal fields who
coherence with results obtained for the above dissd
simplified model. This means that imposition
symmetry/slipping boundary conditions at middlengeersal
section does not influence the physical behavidusystem.
Parametric simulations as function offQ: and Tawsient have
been carried out for the complete double DIMM modebm
the obtained results a sixth order polynomial fgtilaw is
proposed in order to correlate the maximum detected
temperature with the supplied power to the DIMM ahe
ambient temperature. The proposed correlation &xquas
reported below:

of

Toax =19, 5[(DDIMM6 +99,304 °- 204Q;, T+
+216, 9:(DDIMM3 = 132Qp 2+ 93, T80 * Tavmient

Simulated maximum temperature values{jTare compared
with those obtained by applying the above fittiagvI(Tg) in
Table |. Reported values forafigient 1{30; 35; 40} [°C] are
listed as function of @uu [1(0.1; 1.2 [0.1]) [W]. Relative gaps
between simulated and analytically evaluated teatpeg are
also reported in Table I. As readable, the maxingam for the
studied @um range of variation is 0.61 %.

T g = 40 [°C] T svmenr = 35 [°C1
sim [CC] T [°C1 gap % | T, [°C1 Ty [°Cl  gap %
48.45 48.25 0.40 43.43 43.25 0.40

T swmrent = 30 [°C]
T, [°C1 Ty [°Cl gap %

sim
38.41 3825 041

Qo
W] | T
01

02 54.94 54.91 0.06 49.89 49.91 0.03 44.84 44.91 0.15
0.3 60.77 60.67 0.16 55.69 55.67 0.03 50.60 50.67 0.15
04 66.19 65.96 035 61.07 60.96 0.18 55.94 55.96 0.04
0.5 71.33 71.01 045 66.17 66.01 0.24 61.00 61.01 0.01
0.6 76.24 75.89 0.46 71.04 70.89 0.21 65.84 65.89 0.09
0.7 80.98 80.635 0.41 75.75 75.65 0.13 70.50 70.65 021
08 8558 8527 036 80.31 80.27 0.05 75.02 7527 033
0.9 90.05 89.74 033 84.74 84.74 0.01 79.42 79.74 0.40

10
11

12

94.42 94.05 039
0.48

061

89.07 89.05 0.02
0.09

021

§3.71 84.05 0.40

98.70 98.22 93.51 93.22 §7.91 88.22 0.35

102.89 102.26 97.46 97.26 02.04 9226 024

Table | Simulated and analytical maximum temperature \&lue
on DIMM and their relative gaps as function of aentti
temperature and thermal load.

CONCLUSION

Natural convection of semi-confined air in horizaint
cavities bounded by solid walls with discrete hsatirces is
numerically studied in the present communicatioran§ient
and steady solutions of conservation equationp@asented for
2D and 3D models. The above theoretical probleapied to
high interest technological systems exploiting theat transfer
mechanism in their operative conditions. Adoptednarical
tools have been previously validated by comparisbresults
coming from test models with data published inrétare.

Results, obtained for several values of ambienptrature and
supplied power to heat sources, are mainly predeimethe
form of temperature fields, streamlines of flow awelocity

vectors. Due to semi-confinement of heated fluid dnset of
thermo-convective instability is highlighted. Thisanifests in
arising of a complex three-dimensional flow pattemncipally

consisting in a dissipative roll that helicoidatlgvelops along
lateral and backside boundaries of the considdugd domain.
That convective structure seems to significantiptdbute in

heat dissipation of system, transporting and ejgcthermal
energy in correspondence of the frontal openedasedf the

semi-confined geometry. A polynomial fitting lawgreelating

with high precision maximum detectable temperatioe

studied system with ambient temperature and thetozal, is
also proposed.
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