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ABSTRACT

Air cooling limits for a high power CPU with high local power
density were explored through a thermal model. The thermal
model included a 20 mm x 20 mm die that was assumed to
have power d1ssupatnon of 160W and a local power density of
100W/cm®. Package size is assumed to be 50 mm x 50 mm,
and the heat sink volume is 100 mm (flow length) x 100 mm
(width) x 45 mm (height).: The heat sink base is 5 mm thick.
The effects of various package materials and configurations;
thermal interface material between package and heat sink; heat
sink base configurations, parallel plate fin geometries; and air

flow conditions on.the overall thermal performance have been

investigated. Analytical methods are used to predict heat
transfer and pressure drop for the parallel plate fin heat sink.
" Entropy generation rate minimization is applied in the
optimization of the fin geomietries and flow conditions. Finally,
numerical model and heat sink performance results are used to
predict air cooling limit.

. KEY WORDS: Thermal model heat sink, electronic package,
alr-coolmg, vapor chamber entropy generation, optimization

NOMENCLATURE -

A4y  -Heat sink base area, m’
A, Total heat transfer area, m”
Cp- Specific heat of air, J/kgK
D, Hydraulic diameter of parallel plate channel, m

h Average fin heat transfer coefficient, W/m’K

hey Effective heat transfer coefficient of the heat sink
base, W/m’K

Hy Fin height, m

k Thermal conductlvny, W/mK

m Mass flow rate of air, kg/s

N Total number of fins

Pr ‘Prandt]l number

Q - Power dissipation on CPU w

Ria Thermal resistance between top of heat sink base
and ambient, °C/W
Rize . Thermal resistance from die, °C/W

R Thermal resistance between top surface of package
and bottom surface of heat sink, °C/W

R, Total thermal resistance between junction and
ambient, °C/W
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R Package thermal resistance, °C/W, = R +Rmpr+Rpia

Ry Thermal resistance between junction and bottom
surface of heat sink base, °C/W, = R;-+ R

R Thermal resistance between junction and top surface

of heat sink base, °C/W, = R;; + Ry,

Lid thermal resistance, °C/W
R, Heat sink thermal resistance, °C/W, = Ry, + Ry,
Ry Heat sink base thermal resistance from bottom

surface to top surface of heat sink base, °C/W
Re Reynolds number, = pU_, D, /u

s Fin gap, m

Seens  Thermal entropy generation rate, W/K

Seenpp Hydrodynamic entropy generation rate, W/K
Seenr  Total entropy generation rate, W/K

t Thickness, m

t Fin thickness, m

T Temperature, K

Air velocity between parallel plate fins, m/s
Uy Approach air velocity, m/s

14 Volume flow rate of air, m*/s

W,  Fhluid pumping power, W, = APxG
Greek symbols _
Mo Overall surface efficiency
AP Total pressure drop across the heat sink, Pa -
p Air density, kg/m’
U Dynamic viscosity, N.s/m’
Subscripts

top surface center of heat sink basc
inlet  air inlet
J Jjunction
die die
Lid  Lid material as heat spreader

TIMO . Thermal interface material between die and heat sink
base for lidless package '

TIMI Thermal interface material between die and lid

TIM2

Thermal interface matenal between lid and heat sink
base .

INTRODUCTION

The power dissipation of the high performahce CPUs
increasing over time in high end server platforms. The 900
-MHz Sun UltraSPARC III dissipates approximately 80W [1],
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the IBM Power 4 single chip power level has been above 120
W [2], and the Intel Itanium 2 is about 130W [3]. According
to the International Technology Roadmap for Semiconductors
(ITRS) [4], power for high performance CPUs is projected to
exceed 160 W in the near future as shown in Fig. 1. Meantime,
local power density on a chip is increasing as the functional
integration level is increasing. Hence larger temperature
gradients across the die will be expected. The local power
density has been reported to be near 100 W/cm? in the Power
4 chip [5]. In order to maintain the junction temperature below
90°C for the high performance CPU [4], improvement in
package materials, package configuration, process, and heat
sink technologies will be required. Maintaining an air-cooled
design is becoming more challenging for future processors.
Understanding air-cooling limits and associated costs are
essential. Improvement in one single area will not be sufficient
to meet overall thermal requirements. Therefore, having an
integrated approach for the die, package and the air-cooled
heat sink is critical.
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Fig. 1 High performance processor power trend

The objective of this study is to predict the air cooling limit
through the development of an integrated numerical model.
The integrated model included the die, package, and air cooled
heat sink. A 3-D finite element method is used to perform the
pumerical model. Analytical methods for parallel plate fin are
used for heat transfer and pressure loss calculation. Then, the
heat transfer coefficient from the analytical method is
employed as a boundary condition in the 3-D finite element
model. The effects of a non-uniform power map, package
material thermal conductivity, package configuration, heat
sink base configuration, fin structures and air flow on the
overall thermal performance are examined. Maximum
allowable CPU power versus pumping power is estimated for
a given power map on the die.

MODELING APPROACH AND SIMPLIFICATIONS

A commercial finite element method software ANSYS is used
in this study [6]. A three dimensional model for the entire
package was created. Computational domain includes Flip
Chip package and heat sink base as shown in Fig. 1. The heat
sink fin structure is not included in the computational domain
and the model approach is described below. The package
consists of a substrate, solder bumps with underfill, die,
thermal interface material (TIM1) and Lid (heat spreader).

Geometry parameters and material properties for the package
materials are listed in Table. 1. All of the thermal interface
material conductivities in this Table are effective thermal
conductivities. The effective thermal conductivity for thermal
interface material krpy is given by

trn vy, 2
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Where tg;, is thermal interface material thickness, Aconacr iS
heat transfer coefficient between surfaces which represent the
contact thermal resistance. Both TIM bulk thermal
conductivity  Asuxrmy and  Beona can  be  determined
experimentally by changing TIM thickness. In the baseline
study, thermal interface material conductivity is assumed as 3
W/mK for conventional material such as silver epoxy and
thermal grease. A wide range of thermal conductivity is used
to study the effect that the different materials have on the
thermal performance. Bond line thickness is fixed at 100um
for all cases. Typical lid material such as copper tungsten with
thermal conductivity around 180W/mK is employed in the
base line study.

Fig. 2 Modeling configuration (not scaled) and thermal
resistance network

As part of the parametric study, the size of the pedestal was
varied in order to characterize the effect on the overall thermal
performance. The dimensions of the passive phase-change
heat sink base (vapor chamber) is 100 mm (W) x 100 mm (L)
x 5 mm (H) is used in the model. Assumptions of vapor
chamber construction and parameters used in this study are
cited from the literature [7]. The 5 mm thick vapor chamber
consists of 1 mm thick copper base, 1 mm thick wick structure,
2 mm vapor space and 1 mm copper wall. Effective thermal
conductivities of wick structure and vapor space are assumed
to be 40 W/mK and 50000 W/mK respectively in the baseline
study. Vapor chamber base provides very effective heat
spreading from relative small heat input area at the top of the
package to the larger heat sink base area. Detail description of
the vapor chamber can be found in the reference [7].

To simplify the modeling geometry, heat sink fins are not the
part of simulation. Rather, an effective heat transfer
coefficient is imposed as a boundary condition on the heat
sink base. The effective heat transfer coefficient and pressure
loss across the heat sink are calculated from analytical
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methods [8, 9] for parallel plate fin structure in fully-ducted
flow channel. The effective heat transfer coefficient on the
heat sink base [8] is given by

hy = Tf_”.(l — e e/ ) )
Ay

where 4, is total surface area of heat sink base and fin exposed

to air flow, 7, is overall surface efficiency [10], 4 is the

average convective heat transfer coefficient. s is calculated

from Nusselt number [11] for high aspect ratio of fin height to

fin gap, as follows

hD
Nu = —2

air

(3)

= max(7.54,0.024 Re* % pr®45)

where D, is the hydraulic aiémeter of parallel plate channel, '

=2SH, [ls+H ). The air velocity Uy in the parallel plate
- channel is used to define Reynolds number, Re = pUqDy/ut.
Assuming zero contact thermal. resistance at the fin-to-heat

sink base connection, a thermal resistance R;, from top surface
of the heat sink base to air flow can be defined as:

__ . » .Tb "Tinlef = 1

R o @

R - Table-1 Modeling'pararﬁeters

Parameters .

Range

where T} is the maximum temperature at the upper surface of
heat sink base, T}, is the air inlet temperature and Q is total
power dissipation from the die. Total pressure loss across heat
sink includes entrance pressure loss, friction loss and exit
pressure loss, is calculated from the Copeland’s correlation [9].
In the baseline simulation, R;, is calculated to be 0.12°C/W
per Eq. (4). The associated heat sink fin material for the
baseline simulation is aluminum (k¢ = 220 W/mK), and the
flow passage gap between fins is 2mm with 0.4 mm fin
thickness. Per Eq. (2), the effective heat transfer coefficient is
approximately 840 W/m’K at the flow rate through the heat
sink of 0.015 m’s. The corresponding pressure loss is
predicted to be 37 Pa. -

In addition to the boundary condition at the top of heat sink
base as described above, a heat flux source is applied to the
bottom of the die, and a convective heat transfer boundary
condition is applied to the bottom of substrate.- Sides of
package and heat sink ba’se are assumed to be adiabatic.

The thermal resistance network shown in Flg 1 is utilized to
define the individual components. The thermal resistance of
the individual components in this paper is defined as

R T,

xy =( x,max -

Ty max)/ QO - ®
Whére T, max 1S the maximum temperature at the lower surface,
and T}, ma is the maximum temperature at the upper surface for
each individual component

Model configuration Baseline input
- T wier °C) 30 : 30 . : N :
boundary condition |~ (Wi 240 TR0 100 The total thermal resistance-is defined as
: Size (mm) 100x100x5 100x100x5 ’ i
tway (MM) - 1 ) 1., R, =(T; -T, / . 6
K orer (WImIK) 50000 | 5x10,377 (Cu base) o = T; '.‘"’“) _Q : ©
Heat sink Base| _fveor (M) 2 . 2 i ) . ) = : ) .
Vapor chamber) (7] [ K wex (W/mK) 40 20-80,377(Cubase] where 7} is the maximum junction temperature on the die. The
twe (MM) 1 1 junction-to-air overall thermal resistance can be separated into
k wan (W/mK) 3717 377 a package-level thermal resistance "Ry, thermal interface
k"‘f-';x)'“')() 3;7 : 3;7 _ material . (TIM2) resistance R, and heat sink  thermal
: Pod m - )
Padesiel A 5 S — resistance R, as follows
Size (nm)-_| -__N/A ; 20x20 35 %35 - : ' :
Kz (WIMK) 3 S 12200 ) = ”
=K.+
™2 trig (Mm) X Rja R;c Ra + Rsa Q)
Size (mm) 50X50
Ua . k"“(‘(;’l::() z 120 ‘The package thermal resistance Rj. can be further divided into
- p = W 5 die thermal resistance. R 4., TIM1-thermal resistance Ry, and
‘ - KT ) -
TIM1 - TR lid d?ermall resistance Ry;; and given by )
~ - Size (mm) 20 x 20 : . .
. tpie (MM) . 0.6 R.=R, +R_. . +R - (8)
‘D‘e - “Toe (WIMK) . R ‘ jc die TIM1 Lid ’
- 5 Power (W) - 160 160
Cabumpand . ] Normally, R;. is defined as difference of maximum die
S‘d:‘s’::;t ; é‘:(’r’:s 501 =t = : = temperature and upper lid surface temperature at the geometric
o dary condiion | e (W/MK) o — 19 center divided by the total power dissipation. This definition is

a convenient approach used in engineering application and
measurement. In most cases, the maximum upper lid surface
temperature is approximately located at the center of the
package. This has been verified through numerical model in
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this study. The predicted difference between the maximum
temperature of the upper lid surface and the temperature
located at the surface center of the lid is less than 0.2°C.
However, the maximum junction temperature typically is not
located at the geometric center of the die for a non-uniform
power map.

The heat sink to air thermal resistance is defined as

R.m = (T: - Tinlzr)/Q = R:b + Rba (9)

where T; is the maximum heat sink base temperature, and is
-located at the geometric center of heat sink base bottom
surface. To be better understanding of the sink to air thermal
resistance, R, is divided into heat sink base thermal resistance
R, and fin-to-air thermal resistance Ry,.

Mesh sensitivity study was carried out prior to the parametric
study. Mesh sizes of 0.25 mm, 0.5 mm and 1 mm were
examined. The variation of the maximum junction temperature
is found to be less than 0.3°C at total power of 160W.
Therefore, ] mm mesh size was used in the model. Total
number of elements in the model is approximately 10°,

RESULTS AND DISCUSSIONS

Baseline study and the effect of hot spot

To understand the effect of the local power density on the
package performance, a uniform power map and a non-
uniform power map with two local hot spots were simulated.
As shown in Fig. 3 for the non-uniform power map, two
individual local hot spots each dissipates 4W over a 4 mm’
area, thus the power density is 100 W/cm®. The remaining area
on the die has a uniform power density of 38.8 W/cm®. Total
power dissipation on the 20 mm x 20 mm die is 160W for both
uniform and non-uniform power maps.

20 mm

20 mm

>
>

Fig. 3 Non-uniform power map on the die

Modeling results shown in Fig. 4 indicate the total thermal
resistance increased by 0.045°C/W for the non-uniform power
map as compared to the uniform power map. The most of
increase is from package-level R. Referring to Eq. (8), it is
found that local hot spot increased the die thermal resistance
Rae by 0.017°C/W and increased the TIM1 thermal resistance
Rrng by 0.025°C/W, but has minimal increase for R;;; and R,,.
This indicates that the TIM1 performance has a dominant role
for the non-uniform power map. Other parameters including
local hot spot power density, hot spot size and location will
affect the package thermal resistance, although evaluation of
these parameters is not within the scope of this paper.
Simulation data in the following sections are based on the
non-uniform power map as shown in Fig. 3.
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Fig. 4 Effect of power distribution on the thermal resistance

Effect of TIM1 thermal conductivity
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Fig. 5 Effect of TIMI thermal conductivity

As improved TIMs become available to the marketplace, it is
essential to understand gain from TIM performance
improvement. The effective TIM1 thermal conductivity in this
study ranged from 2 to 20 W/mK. It is shown in Fig. § that
TIM1 only affects the TIM1 thermal resistance itself, does not
affect the remaining thermal resistances including Rg., Ry,
R, and R,, As TIM1 thermal conductivity increases from 2
W/mK to 7 W/mK, it improves package thermal performance
by 0.1°C/W, however as thermal conductivity increases from
7 to 20 W/mK, the improvement is approximately 0.03°C/W.
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Thermal resistance of TIM1 reaches 0.02°C/W at an effective
thermal conductivity of 20 W/mK. The increase in the TIM1
thermal performance becomes limited as TIM1 effective
thermal conductivity goes beyond 20 W/mK.

Effect of lid material

Figure 6 shows the effect of lid material on the heat sink and
also the individual package thermal performances when the lid
thickness is 2 mm. It is found that a lid with increased thermal
conductivity reduces the thermal resistance of Ry, Ry, and
R,,. Fig. 6 also shows an improved lid thermal performance
has minimal impact on R, and Rpy. It should be noted that
heat sink base thermal performance is assumed to-be
independent of surface heat flux in this simulation.-In reality,
the vapor chamber base .or other passive phase change heat
sink base thermal resistance may increase as surface heat flux
decreases at a fixed heat source area [7]. Therefore, it needs to
be cautious about thermal resistance improvement from high
thermal conductivity lid for the passwe phase change heat sink
base.

0.184 |
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Lid thermal conductivity, ke (W/imK)

Fig. 6 Effect of lid thermal conductivity

The lid material and thiciuiess effects on the overall thermal
resistance are shown in Fig..7. The results indicate that the

impact of lid thickness, is greater when the lid thermal -

conductivity is high than 200 W/mK. The total reduction in
the overall thermal resistance Rj, is 0.07°C/W when i mcreasmg
kyiq from 180 to 1000 W/mK ata lid thlckness of 3 mm,

~ " Asan alternate package conﬁguratlon lidless package may be
conSIdered in order to improve thermal . performance by

elxmmatmg lid material and one layer of thermal interface
material. Thermal performance was also evaluated for the
lidless package.. The comparison between two package
configurations is hsted in Table 2. For the lidded packagé, a

lid thickness of 2 mm is assumed. For the lidless package,
thickness of thermal interface material (TIMO) between die
and heat sink is assumed to be 100 um. Thermal conductivity
‘of TIMI in- lidded package and TIMO in lidless package is
varied from 3 W/mK.to 10 W/mK while TIM2 is a fixed value
of 3 W/mK. When compared to the lidded package results for
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kg = 370 W/mK and 180 W/mK, the lidless package yielded
the total thermal resistance reduction of approximately
0.03°C/W and 0.07°C/W respectively, as the TIMO thermal
conductivity in the lidless package is equal to the TIMI1
thermal conductivity for the lidded package. Model results
indicate that as the lid thermal conductivity and the lid
thickness increase, the thermal performance gain from lidless
package will be diminished although results are not shown in
Table 2. If the TIMO thermal conductivity in the lidless
package is less than the TIM1 thermal conductivity in the
lidded package, the thermal performance of lidless package
may be less than the lidded package performance. Therefore,
the thermal interface material adjacent to the die plays a
critical role for both lidded package and lidless package
configurations.

E—
f——1mm

Thermal Resistance. Ra (°C/W)
o
8

0o~ 200 400 600 800 1000
Lid thermal conductivity, k 1y (W/mK)

1200
Fig. 7 Effect 6f 1id thickness on overall thermal resistance

Table 2 Lidded package vs. lidless package

Package Krmr» Rjs, R, Rja,
- IConfig. Kig Ko Kmz | (Cowy | cowy | (cew)
180 3 3 0.225 | 0.168 | 0.393
Lidded 180 10 3 0.160 | 0.168 | 0.328

377 3 3 0.197 | 0.153 | 035
- 377 10 .3 0.133. ] -0.159- | 0.293
Lidless N/A 3 N/A 0.139 | 0.187 | 0327
N/A 10 N/A 0.071 | -0.188 | 0.260

Effect of TIM?2 thermal conductivity

The effect of TIM2 was also studied in thlS paper, although

_ the impact of TIM2 on thermal performance might not be as

significant as TIM1, since TIM2 is two layers away from die -

“in the lidded package. As shown in Fig. 8, the thermal

resistance of TIM2 decreases significantly when the - TIM2
thermal conductivity increased from 1 to 7. W/mK. The

- thermal resistance will become 0.02°C/W when kmp = 10

W/mK. Data results from 1-D calculations which use the.die
area is provided in the same figure for comparison. It is shown
that the 3-D model thermal resistance results are less than the
results predicted by the 1-D calculation. As TIM2 thermal
conductivity increases, the difference between model and 1-D
calculation becomes minimized.
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Fig. 8 Effect of TIM2 conductivity on thermal resistances

Effect of heat sink base configuration

The pedestal size investigated ranged from the size of the die
at 20 x 20 mm to an upper limit of 35 mm x 35 mm, while the
thickness of the pedestal is fixed at 2 mm. The model results
in Fig. 9 indicate that the negative impact on the overall
thermal performance provided by the pedestal will be less for
increased pedestal size.
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Fig. 9 Effect of pedestal configuration on the overall
thermal resistance

As shown in Fig. 2, using vapor chamber as the heat sink base
provides two dimensional heat spreading. As the heat is
transferred through the evaporator wall to the wick structure,
liquid within the saturated wick evaporate, vapor flows and
then condenses in the upper condenser wall which has fins
attached on the other side of air-cooling. Conduction through
the evaporator wall and wick could dominate the vapor
chamber base thermal resistance. In the model, wick structure
is simplified as a solid material with effective thermal
conductivity. The wick effective thermal conductivity is not
only dependent on wick structure such as sintered powder
metal, but also dependent on power density applied at the
vapor chamber base. The impact of various effective thermal
conductivities of wick structure is shown in Fig, 10, The
overall thermal resistance can be improved by 0.013 C/W as
the wick conductivity is double from base line value of 40

W/mK. The solid Cu model result is also shown in this figure
for comparison. The results show that the vapor chamber heat
sink base thermal performance is greater than the predicted
performance for the solid Cu base heat sink. It needs to be
noted that the thermal performance improvement from the
vapor chamber could be less as the ratio of heat souce area to
the heat sink base area decreases, although this parameter was
not included in this investigation. It also can be found from
this figure that heat sink configuration has very little impact
on package thermal resistance.
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Fig. 10 Effect of heat sink base configuration

Parallel plate timizati

All of the model results discussed in the previous sections are
based on a heat sink plate fin structure that has a fin flow
passage 2 mm gap, a fin thickness of 0.4 mm which yields a
total fin count of 42 fins. It was also assumed that a 0.015 m%/s
air flow rate in a fully ducted channel flow. Optimization of
the fin structure is essential to improve the thermal
performance while attaining the required fan pumping power.
The entropy generation minimization method developed by
Bejan [12] is applied for parallel plate fin optimization in this
paper. The total entropy generation rate S, 7 for external flow
[13,14, 15] is given by

_ o1, - VAP
Tmla Tinlev

mltl ) +

10)

N genT — Sgen nt S gen,pp

where Sg.nr and Sge,p, are the entropy generation rates from
thermal and hydrodynamic components respectively. Where,
T, is the temperature at the center of the top surface in the heat
sink base, ¥ is volume air flow rate, and 4P is the total
pressure loss across the heat sink. Vx4P is the fluid pumping
power Wpp. Using the definition of Ry, in Eq. (4), the above
equation can be expressed as:

2
O°R;, . Wep
72

an

Sgen = Sgenr + Sgenpp = T
let inlet

2004 Inter Society Conference
on Thermal Phenomena

191

006



It can be seen from Eq. (11) that the total entropy generation
rate is dependent on fin thermal resistance and fluid pumping
power. As an example for this optimization approach,
variation of only one parameter, the fin gap or the fin number
was studied, while the overall heat sink size, fin thickness, air
flow rate, fin thermal conductivity of 220 W/mK are held
constant. The thermal resistance and overall pressure loss are
calculated from Eq. (4) and Copeland’s correlation [9]
respectively. Detail optimization procedure for multiple
parameters can be found in Culham and Muzychka [15].

The effect of fin number on total entropy generation rate is
illustrated in Fig. 11. It indicates that the total entropy
generation reaches the minimum value at fin number of
approximately 63. Thermal entropy generation rate dominated
the overall entropy generation rate when fin number is less
than 40. On the other hand, pumping power increases with
increased fin number, therefore, it is anticipated that the
entropy generation rate from the hydrodynamic component
will exceed that of the thermal component for fin numbers
beyond approximately 90.
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Fig. 11 Heat sink optimization at given fin thickness and

air flow rate
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Fig. 12 Effects of pumping power and fin configuration

Figure 12 shows the effect of pumping power on the overall
thermal resistance for three fin configurations at air flow rates
ranging from 0.005 to 0.025 m*/s. It is shown that the overall
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thermal resistance is reduced as the number of fins increases
when the pumping power exceeds 0.5W. As pumping power
increases from 0.1 to 1W, thermal performance can be
improved by approximately 0.1°C/W. The reduction in the
overall thermal resistance becomes minimized as the pumping
power increases for a fixed fin configuration. This indicates
the heat sink performance is approaching the air-cooling limit.

owable CP! wer with air coolin
The parametric study investigated the impact on the thermal
performance provided by the die, package material,
configuration, heat sink base, and fin structure. Allowable
CPU power can be determined from:

me = (Tj,max ~Tintes )/(Rjt +R +R,, )
= (T ~Tinter )/(ij +Ry, )

J,ymax

(12)

Assuming a power map, package material, configuration, and
heat sink base are given, thus only variable parameter is Ry,
which is dependent on air flow rate and the fin design. As an
example, the predicted R;, thermal resistance is 0.177°C/W
when k=10 W/mK, ki = 270 W/mK, lid thickness of 2
mm, ke = 4 W/mK, and ki = 80 W/mK. If maximum
allowable junction temperature 7}, and air inlet temperature
T are specified as 90°C and 30°C respectively, the
maximum allowable power versus pumping power can be plot
in the Fig. 13 for heat sink containing 63 parallel plate fins at
varied air flow rates. In this example, the maximum allowable
power will be 250W with R,, = 0.064°C/W, R, = 0.108°C/W
at fluid pumping power of 4 W. The system fan pumping
power will be much higher than- heat sink fluid pumping
power due to dependency on the fan efficiency and total
pressure drop in a computer system.

300
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N
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N
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Fig. 13 Allowable CPU power vs. fluid pumping power

Figure 14 shows the maximum allowable power as a functjon
of total thermal resistance. Maximum allowable power is
approximately 150W for the baseline case with non-uniform
die power map, 42 air fins, a 0.015 m*/s flow rate, and a 0.5W
fluid pumping power. The maximum allowable power can be
increased by 50W as the package materials performance is
improved. Furthermore, increasing air fin number from 42 to
63, while also increasing the air flow rate from 0.015 m’/s
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(Wpp = 0.5W, Rsa = 0.168°C/W) to 0.024 m’/s (W, = 4W,
Rsa = 0.108°C/W) will increase the allowable CPU power
from 200W to 250W. The thermal resistance of R;, may
approach zero by maximizing the air flow rate and heat
transfer coefficient, thereby reaching the air cooling limit. The
maximum allowable power will not higher than 340W.
Therefore, the maximum allowable power is not only
dependent on heat sink air flow performance, but also
dependent on die power map, package material set and
configurations.
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Fig. 14 Allowable CPU power vs. total thermal resistance

CONCLUSIONS

An integrated thermal model for CPU package and heat sink is
performed using a 3-D finite element method. The
computational domain included package, thermal interface
material and heat sink base. An analytical method for air flow
in plate fin heat sink is used to complete the overall model.
The effects from package material thermal conductivity,
package configuration, heat sink base, and fin geometry on the
overall thermal performance have been discussed. The
definition for die-level thermal resistance was introduced in
order to study the affect of the local hot spot. Die-level
thermal resistance is found to be independent of other
parameters except the power map. The power map also affects
the thermal resistance of TIM1. TIM1 material conductivity
only impacts its own thermal resistance. Lid material
conductivity potentially only affects the lid and other
components thermal resistances above the lid. However, heat
sink configuration and air flow have very little effect on the
package thermal resistance. Based on the model investigation
and heat sink prediction results, an approach to estimate the air
cooling limited has been demonstrated.

From the model results, it is indicated that every individual
resistance layer from die to air-cooled heat sink is equally
important to meet thermal requirements for the air cooling
regime. Concurrent efforts from silicon-level circuit design
and layout, package material development, to heat sink design,
and air flow optimization are recommended to manage the
growing thermal challenge for cooling high powered
processors that may also contain high local power density
spots.
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