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ABSTRACT 

Air cooling limits for a high power CPU with high local power 
densif¥ were explored through a thermal model. The thermal 
model included a 20 mm x 20 mm die that was assumed to 
have power dissipation of 160W and a local power density of 
IOOW/cm2

. Package size is assumed to be SO mm x 50 mm, 
and the heat sink volume is 100 mm (flow lengtti) 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 sio,k; beat 
sink base configuratioi;tS, parallel plate fin geometries; and air 
flow conditions -on.the overall tl_1ermal perfonnance have been 
investigated. Analytical n:iethods are used . to predict heat 
transfer and pressure drop :for the.parallel plate fin beat sink. 
Entropy generation . rate minimization is applied in • the 
optimization of the fin geometries and fl_ow ~onditions. Finally, 
numerical model and beat sink performance results are used to 
p~edi_ct air cooling limit: • •• • • 

. KEY WORDS: Thermal ril~del, lieat sink. electronic package, 
air-cooling, vapor chambe~, entropy generation, optimization 
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NOMENCLATURE­

-Heat s1nk base area, m2 

Total heat transfer area, m2 

•. Specific beat of air, J/kgK 
Hydrauli~ diap1eter of parallel plate channel, m 
Average fm beat transfer coefficient, W /m2K 
Effective -beat transfer coefficient of the heat sink 
base, W/m2K 
Fin height, m 
Thermal ~nducii~ity, W/mK. 
Mass flow rate of air, kg/s • 
Total riumber of tins 
Prandtl number • 

. Power dissipation·on CPU, W • 
Thermal resistance between top of be~t sink-base 
and ambient, .°C/W • 
Thermal resistance from die, °C/W 
Thermal resistance,between top surface of package _ 
and bottom surface of heat sink, °C/W 
Total thermal resistance between junction and 
ambient, 0_ctw. 

Re 

s 
Sg,n.H 

Sg...,pp 

Sg,n.T 

t 

ti 
T 
Uch 

U1 
V 
WPP 

Package tbennal resistance, °C/W, = R.,i;,+R17M1+Ru,1 
Thermal resistance between junction and bottom 
surface of heat sink base, °C/W, = Ric+ Res 
Thermal resistance between junction and top surface 
of heat sink base, °C/W, = R1, + R,b 
Lid thermal resistance, °C/W 
Heat sink thermal resistance, °C/W, = R,b + R1,a 
Heat sink base thermal resistance from bottom 
surface to top surface of heat sink base, °C/W 
Reynolds number, =pUch Dh/µ • • 
Fin gap, m 
Thermal entropy generation rate, W /K . 
Hydrodynamic entropy generation rate, W /K 
Total entropy generation rate, W /K 
Thickness, m 
Fin thickness; m 
Temperature, K 
Air velocity between parallel plate ·fins, mis 
Approach air velocity, m(s • 
Volume flow rate of air, m3/s 
Fluid pumping power, W, = ~PxG 

Greek symbols 
'10 Overall surface efficiency 
.dP Total pressure drop across the heat sink, Pa 
p Air density, kg/m3 

µ Dynamic viscosity, N.s/m2 

Subscripts 
b top surface center of heat sink base 
inlet air inlet • 
j junction 
die die . 
Lid Lid material as heat spreader 
TIMO . Thermal interface material between die ancl heat sink 

·base for 'lidless ·package 
TIMJ Thennal interface-material between die·and lid 
TIM2 • Thermal· interface material between lid and heat sink 

base 

INTRODUCTION 

The power dissipation of the high performance CPUs 
, increasing over time in high end server platforms. The 900 
· MHz Sun UltraSPARC III dissipates approximately 80W [I ], 
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ibe IBM Power 4 single chip power level bas 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 
t:xceed 160 W in the near future as shown in Fig. I. 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/cm2 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 
t:ssential. 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. I High perfonnance 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 perfonn the 
numerical model. Analytical methods for parallel plate fin are 
used for beat transfer and pressure loss calculation. Then, the 
bieat 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 thennal 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. I. 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 (TIMI) and Lid (beat 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 kTIM is given by 

tnM 

knM 

1nM +-2-
klnJl:,T/M h_,ract 

(1) 

Where t11M is thermal interface material thickness, h.0 .,,,,,, is 
heat transfer coefficient between surfaces which represent the 
contact thermal resistance. Both TIM bulk thermal 
conductivity k b•Fi;TIM and hco.,ac, 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 I OOµm 
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 
beat 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, I mm thick wick structure, 
2 mm vapor space and I mm copper wall. Effective thermal 
conductivities of wick structure and vapor space are assumed 
to be 40 W/m.K and S0000 W/mK respectively in the baseline 
study. Vapor chamber base provides very effective beat 
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 beat sink are calculated from analytical 
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methods [8, 9) for parall~l plate fin structure in fully-ducted 
flow channel. The effective heat transfer coefficient on the 
heat sink base [8) is given by 

h :._ me p l1 -hA,,,./mc,) 
,ff--- ~ - e 
• Ab. 

. (2) 

where A, is total surface area of heat sink base and fin exposed 
to air flow, 'lo is overall surface efficiency [10], h is the 
average convective heat transfer coefficient. h is calculated 
from Nusselt number [I I] for high aspect ratio of fin height to 
fin gap, as follows 

where· Dh is the _hydraulic diameter of parallel plate ch~el, • 
= 2SH 1 /(s + H 1 ). The ·air velocity C!c~ _in the parallel plate 

· channel is ~ed to deft.he Reynolds'number, Re =i pUc>,Di/11 .• 

Assuming. zero contact thermal . resistance • at the fin-to-heat 
sink base connection, a thermal resistance Rb• from top surface 
of the heat sink base to air flow·can be defined as: • 

(4) 

Table-I ~od~ling· para_~eters . 

Model configtxation Parameters : Baseline input Range · 

- T...,(°C) .30 30 
Boundary·condition· ll-,, (Wlm'K) 840 ~ ~ ~}t~P~t. 

Slze(mm) 100x100xS 100x100x5 
fw,, (mm) .. 1 1 .•• 

k,-(W/mK) . 50000 ~l'IP-;,,:l!P <.'~-~l 
)'ieat. sinl< Base ,,_ (mm) 2.· 2· 

(Vapor chamber) (7) k • .,(W/mK) 40 ?<f,~o-rmcc.uJbls.e 
1-(mm) , 1 

kw,a•(W/mK) 
. .. 

37-7 377 
,.,., (rf\m) 1 1 

' . kp,.(W/mK) 377 377 
Pedestal 1cmm1- 0 ~it~~tm. ::2~1~.c:$;• 

-. Siz:elmm): NIA ¾fa:O:X:2Q"~;-35 ,C'~A 

TIM2 
kT-.,,(W/mK) 3 (~~1¢20,ffl~ 

/ T1M2 (njm) 0.1 0.1 
Size!mm) 50X50 50X50 
ILa (min) 2 

- i6'.) 

.... . . 
Lid . 

l<Lo (Wl,mK) 189 
.. ., k1;.,, (W/mK) • 3 - . 

TIM1 
l 11M1 (nim) 0.1 ,• 0.1 .. 

- •, ·Sizecmml .. 20x20 20x20 

Die 
. lc;i(mm), 0.6 0.6 . 

kc~ (l'.{/mK) 90 90 - ·. .Power (Wl .- 160. ·160 
C4 bump·and 

Underfill k (W/mK) 1 · 1 • 
Substrate ' Size/mm\ 50xso · 50 x 50 

Boundary condijicn h..,. (W/m K) 10 .. _10 

where Tb is the maximum temperature at the upper surface of 
heat sink base, Tin1e1 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 1;a is calculated to be O.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· fm 
thickness. Per Eq. (2), the effective heat transfer coefficient is 
approximately 840 W/m2K at the flow rate through the heat 
sink of 0.0)5 m3/s. The corresponding pressure loss is 
predicted to be 37 Pa. • 

In addition to the boundary condition at the top. of beat sink 
base as described above, a heat flux source· is applied to the 
bottom of the die, arid a convective heat transfer boundary 
condition is applied to the bottom .of substrate.· Sides of 
package and heat sink base are !}SSumed to be adiabatic. 

The thennal resistance network shown in. Fig. 1 is utilized to 
define the indJvidual components. The thermal resistance of 
the individual components in this paper is de~med as 

(5) 

Where Tx._, is the maximum_ temperature at the lower surface, 
and Ty.mar_is the maximum temperature at the upper surface for 

. each individual component. • • 

The total thermal resistance ·is defined as 

(6) 

wliere 1j -is th~ maximum j~ction temperature oil the die. The . 
junction-to-air overall. thennal resistance· can be separated into • 
a package-level thermal resistan~e • Ri,, thennal .interface-

. material . (TIM2) resistance -Ra, and heat ' sink thermal 
• resistance R,0 as follows 

. The package the~l resistance Ric c~ be further.'divided into 
4ie thermal resistance.Rd,,, TIMl•thermal resistance Rrm1, and 
lid thermal resistance Rud, and given by • 

Ri°= Rdti +R'nM1 + R~,d (8) 

Normally, Ric is defined. as difference of maximum. die 
temperature and upper lid surface temperature at the geometric 
center divided by the to(lll power dissipation. This definition is 
a convenient. approach • used in engineer;ing application and 
measurement.· In inost cases; the maxtmum upper ·lid surface 
temperature is approximately located at the . ceQter of the 
package. This has been· -~erified through _num_erical model in 

188 
2004 hite~ ·society C~ference • 

on Thermal Phenomena 



004

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 

(9) 

where T, is the maximum beat 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,6 and fin-to-air thermal resistance R1,a. 

Mesh sensitivity study was carried out prior to the parametric 
study. Mesh sizes of 0.25 mm, 0.5 mm and I mm were 
examined. The variation of the maximum junction temperature 
ii. found to be less than 0.3°C at total power of 160W. 
Therefore, I mm mesh size was used in the model. Total 
number of elements in the model is approximately I 05. 

RESULTS AND DISCUSSIONS 

fl,aseline 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 mm2 

area, thus the power density is 100 W/cm2
. The remaining area 

on the die has a uniform power density of 38.8 W/cm2
. Total 

power dissipation on the 20 mm x 20 mm die is 160W for both 
uniform and non-uniform power maps. 

~ 20mm 

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 Rjc, Referring to Eq. (8), it is 
found that local hot spot increased the die thermal resistance 
Rdi, by 0.017°C/W and increased the TIMI thermal resistance 
RnMJ by 0.025°C/W, but has minimal increase for R/id and Re,. 
This indicates that the TIMI performance bas 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 TIMI thermal conductivity 
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TIM1 effective thermal conductivity k "'", (W/mK) 

Fig. 5 Effect of TIM I thermal conductivity 

As improved TIMs become available to the marketplace, it is 
essential to understand gain from TIM performance 
improvement. The effective TIMI thermal conductivity in this 
study ranged from 2 to 20 W/rriK. It is shown in Fig. 5 that 
TIMI only affects the TIMI thermal resistance itself, does not 
affect the remaining thermal resistances including Ra;,, Ri;d, 

Res and R,,,. As TIM I thermal conductivity increases from 2 
W/rriK to 7 W/rriK, it improves package thermal performance 
by 0 .1 °C/W, however as thermal conductivity increases from 
7 to 20 W/rnK, the improvement is approximately 0.03°C/W. 
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Thermal resistance of TIMI reaches 0.02°C/W at an effective 
thermal conductivity of 20 W/mK. The increase in the TIMI 
therqial performance becomes limited as TIMI 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 l1Ju1, R11M2, and 
R,0 • Fig. 6 also shows an improved lid thermal performance 
has minimal impact on Rd/, and Rmo- 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 fro111 high 
thermal conductivity lid f9r the passive phase change heat sink 
base. • 
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Fig. 6 Effect oflid tbennal conductivity 
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The lid material and thickness effects on the overall thermal 

ku4"' 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 TIMI 
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 TIMI thermal conductivity in the 
lidded package, the thermal performance of lidless package 
may be Jess 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. 

0.42 

'◄-1 mm 1 • i 
_- -A-2 mm

1 
!•-.3'mm1 ~ 0.40 

ct 0.38 .. 
I 0.36 

i 0.34 .; 

! 0.32 ... 
o.~o 

0 200 400: • 600 800 1000 1200 

Lid thefmal conductMly, kli<I (W/"!Kl 

• Fig. 7 E,ffect of~d thickness on _overaUthennal ,resistance 

Table 2 Lidded package vs.·JidJess package 

Packa9e Kn,,,, Ri,., R,., Ri>• 
Confia. K,;,, K,,.,. KrfMt r0crw1 l"CIW\ 1°Ctw1 

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 0.351 
377 10 . 3 0.133, -0.159 0.293 

• resistance arc ihown ·in Fig . . 7. The· re.suits indicate that ~e 
impact of I.id ihickness, is gr~ter when · the lid thermal ; 
conductivity is 'high than. 2_00 . W/rrd<.. The ·total reduction· in 
the overall thermal resistance R1a is O.Oo/°C/W when increasing 

Lidless N/A 3 N/A 0.139 0.187 0.327 
NIA 10 NIA 0.071 .·o:1e8 • 0.260 

Effect of TIM2 tliennal conductivity 
The effect of TIM2 was also studied in this paper, although kUd from I ~Oto I 000 .w /n'lK at a lid thickness of 3 mm. • 

• · As an_ alternate p~ckage cbnfi~tion, lidless package may be 
consid.eted in order to ' improve _thermal . performance by· 
eliminating lid material and · one layer of thenn~I interface • 
material.' Therm·a1 performance was also ·evaluated for-. the 
lidless package.•· The comparison between two package 
configurations is listed-in· Table 2; For the lidded package, a 
lid thickness of 2 mm ii assumed. For· the lidless package, 
thickness of thermal interface material (TIMO) between die 
and heat sink is assumed to be I 00 µm. Thermal conductivity 
·of TIMI in- lidded package and TIMO in lidless package is 
varied from3 W/mK.to 10 W/mK while.TIM2 is a fixed value 

• o'f 3 W/mK. When cpmpared to the lidded package results for . . . 

. the impact of TIM2 on thennal performance might not be as 
significant as TIM t ,' 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 ~ricreased from I to 7. W /mK. The 

· thennal resistance will become 0.02°C/W.when kma = IQ 
W/rrd<.. 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 modef thermal resistance results are less than the 
results predicted by the· 1-D calculation. As TIM2 thermal 
conductivity increases, tl)e_ difference between modei and 1-D 
calculation becomes minimized . . 
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Fig. 8 Effect ofTIM2 conductivity on thermal resistances 

Effect of heat sink base confieuration 
The pedestal size investigated ranged from the size of the die 
at 20 x 20 mm to an upper limit of35 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. 

25x25 30X30 35><35 No 
pedestal 

Pedestal size (mm') 

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 bas fins 
attached on the other side of air-cooling. Conduction through 
the evaporator wall and wick could dominate the vapor 
chamber base thennal resistance. In the model, wick structure 
is simplified as a solid material with effective thermal 
conductivity. The wick effective thennal 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 /rnK. The solid Cu model result is also shown in this figure 
for comparison. The results show that the vapor chamber heat 
sink base thennal 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 beat sink configuration has very little impact 
on package thermal resistance. 

Parallel plate fin optimization 
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 0.01 S m3 /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 S8, •. r for external flow 
[13,14, 15) is given by 

(10) 

where S8,-.H and Sg,,,.pp are the entropy generation rates from 
thennal and hydrodynamic components respectively. Where, 
Tb is the temperature at the center of the top surface in the heat 
sink base, V is volume air flow rate, and iJP is the total 
pressure loss across the heat sink. VxiJP is the fluid pumping 
power Wpp. Using the definition of Rba in Eq. (4), the above 
equation can be expressed as: 

(11) 
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It can be seen from Eq. (11) that the total entropy generation 
rate is dependent on fin thennal resistance and fluid pwnping 
power. As an example for this optimization approach, 
variation of only one parameter, the fin gap or the fin number 
was studied, while the o.verall heat sink size, fin thickness, air 
flow rate, fin thennal 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 i'n Culham and Muzychka [15]. 

The effect of fin number on total entropy generation rate is 
illustrated in Fig. l I. It indicates that the total entropy 
generation reaches the minimum value at fin number of 
approximately 63. Thennal 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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Figure 12 shows the effect of pumping power OD the overall 
thermal resistance for three fin configurations at air flow rates 
ranging from 0.005 to 0.0~5 m3/s. It is shown that the overall 

thermal resistance is reduced as the nwnber of fins increases 
when the pumping power exceeds 0.SW. As pumping power 
increases from 0.1 to I W, thermal perfonnance can be 
improved by approximately 0.1°C/W. The reduction in the 
overall thennal resistance becomes minimized as the pumping 
power increases for a fixed fin configuration. This indicates 
the beat sink performance is approaching the air-cooling limit. 

Al1owable CPU power with air cooling 
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 detennined from: 

Qmax =(TJ,max -T;,,,.,)/(Rjc +Re, +R,a } 

= (TJ,mu - T;n1., )j(R Jb + Rba) 
(12) 

Assuming a power map, package material, configuration, and 
heat sink base are given, thus only variable parameter is Rba 

which is dependent on air flow rate and the fin design. As an 
example, the predicted Rib thennal resistance is 0. l 77°C/W 
when k1rMJ =10 W/,mK, kud = 270 W/mK, lid thickness of 2 
mm, kmo = 4 W/mK, and~= 80 W/mK. If maximum 
allowable junction temperature 1j_,_ and air inlet temperature 
T1.i,. 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 fin.s at 
varied air flow rates. In this example, the maximum allowable 
power will be 250W with Rba = 0.064°C/W, R," = 0.l08°C/W 
at fluid pumping power of 4 W. The system fan pumping 
power will be much higher thari- heat sink fluid pumping 
power. due to dependency on the fan efficiency and total 
pressure drop in a computer system. 
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Fig. 13 Allowable CPU power vs. fluid pumping power 

Figure 14 shows the maximum allowable power as a function 
of total thermal resistance. Maximum allowable power is 
approximately I SOW for the baseline case with non-uniform 
die power map, 42 air fins, a 0.015 m3/s flow'rate, and a 0.5W 
fluid pumping power. The maximum allowable power can be 
increased by SOW 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 m3/s 
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(Wpp = 0.5W, Rsa = O.l68°CIW) to 0.024 m3/s (WR! = 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 
•:omputational domain included package, thermal interfuce 
material and beat sink base. An analytical method for air flow 
in plate fin beat sink is used to complete the overall model. 
The effects from package material thermal conductivity, 
:package configuration, beat 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 TIMI. TIMI 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 beat 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 thennal 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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