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The  water-cooled  thermal  conduction  modules 
(TCMs) in the IBM Enterprise System19000” 
(ES/9000”) systems  require  a fourfold thermal 
improvement  over TCMs in the 3090”  system. 
An  examination  of  the  thermal/mechanical 
tolerance  relationships  among  the  chips, 
substrate,  and cooling hardware  showed  that 
a cylindrical piston would not meet this 
requirement.  The piston was  redesigned with a 
cylindrical center  section  and  a  taper on each 
end.  This  shape  minimizes  the  gap  between 
the piston and  “hat”  while  retaining  intimate 
contact  between  the piston face  and chip 
surface during all assembly  conditions. 
Numerical  and  analytical  models  demonstrate 
that this new piston shape, coupled with 
Improved conductivity of  the cooling hardware 
materials,  exceeds  ES/9000  system  needs. 
These  models  were  verified by tests  conducted 
on single-site  and  full-scale  modules In the 
laboratory  and by tests on actual ES/9000 
systems. 

Introduction 
Cooling  of silicon circuit chips by  conducting their heat to 
a water-cooled cold plate via a contacting piston was first 
developed  for the IBM 308X mainframe computers and 
was enhanced for use in the IBM  3090m systems [l, 21. 
The chips are cooled within  a thermal conduction module 
(TCM),  which contains the contacting pistons and  a 
multilayer substrate with about 100 chips mounted on one 
side and I/O pins attached on the other side. The TCM is 
attached to a  mating  cold plate receiving water from  a 
dedicated coolant distribution system [3, 41. In the 
manufacturing of the chips, substrates, cooling hat, and 
pistons, many tolerances are introduced which  must be 
controlled for effective heat transfer. The fundamental 
thermal requirement is to provide efficient  cooling of  all 
chips while  accommodating these tolerances. Additionally, 
the TCM is required to open and close easily for upgrades 
or rework and to be suitable for  shipping  and  handling. 

Significant improvements to the thermal/mechanical 
package were necessary to provide cooling to the new 
generation of modules  used in the IBM Enterprise 
System/9000m  (ES/9000m) processor. These modules have 
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Cutaway view of a 121-site ES/9000 TCM. 

either 100 or 121 chip sites at 10.8-mm and 9.9-mm 
spacing, respectively. Any site may have a  maximum 
power of  27 W, and the maximum  module power is 
2000 W. To enhance reliability, a reduction in average and 
maximum device temperatures was required. The internal 
and external thermal resistances had to be reduced by a 
factor of 4 from the 3090 TCM levels to satisfy the power, 
temperature, and reliability objectives. That is, the internal 
resistance between the heat-generating circuit and the cold- 
plate mounting surface on the TCM cover or "hat"  had to 
be reduced from about S.O"C/W/chip to an  ESl9000 average 
resistance of 1.2l0C/W/chip. Similarly, the external 
resistance from the mounting surface to the cold-plate 
water had to be improved from 2.8"CIWlchip to about 
O.TC/W/chip. The ES/9000 system would consequently 
have an average device temperature near 50°C and  a 
worst-case circuit temperature less than 75°C. To put the 
ESl9000 thermal demand in perspective, the  entire  thermal 

806 resistance from a  heat-generating  circuit to water is less 

than  the resistance  across  the gap from the  chip to the 
anodized piston face in the 3090 system TCM! 

The first efforts to extend conduction cooling to the 
ES/9000 glass-ceramic modules concentrated on changing 
the heat-transfer medium between the piston and  hat  from 
helium to a high-conductivity paste [5]. These modules 
initially performed adequately, but degraded during 
accelerated life tests  as the paste mixture separated into 
regions of solids and  liquids. Since the required cooling 
was not achievable with a cylindrical piston, efforts 
focused on reducing the gap resistance by increasing the 
amount of heat-transfer surface area engaged between the 
piston and the hat hole. This was done either by using 
many small pistons/pins [6] or by using several narrow 
rectangular fins per chip site [7]. The multiple  pistonslfins 
were joined to a  common plate which contacted a chip; 
they were engaged into a hat having either round holes or 
rectangular channels. The multiplicity of components per 
chip site introduced additional locational tolerances which 
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required increasing the gap between the fins or pistons and 
the hat. As a result, some of the thermal benefit  gained by 
adding surface area was lost by widening the gap. These 
multiple-surface designs introduced a higher  level of 
manufacturing complexity. Hence, a study of the 
thermaVmechanica1 tolerances was continued, eventually 
leading to the development of the dual-tapered-piston 
(DTP) TCM concept [8]. 

Dual-tapered-piston  design 
A cutaway view of an ES/WOO TCM, exposing the 
substrate, chips, base plate, DTP  cooling hardware, and 
cold plate, is shown in Figure 1. The dual-tapered pistons 
are held in contact with the chips by low-force conical 
springs located behind the pistons within the hat  holes. 
Each piston has a small  axial vent machined into its side to 
facilitate oil  fill and disassembly. The function of dual 
tapers is shown in Figure 2, with the tapers exaggerated 
for clarity. The left chip site illustrates a condition of zero 
chip tilt  (i.e., perfect assembly of the parts), and the right 
depicts process conditions for the worst case. Also shown 
(dashed outline) are cylindrical pistons which have larger 
gaps between the pistons and hat holes. The cylindrical 
piston face in previous TCMs was unable to fully 
accommodate the tilt caused by  the chip and other 
mechanical tolerances, whereas the DTP is designed with 
an upper tapered section, a middle cylindrical section, and 
a lower tapered section for  tilt accommodation. The face 
of each dual-tapered piston contacting the chip has a large 
spherical crown that creates a submicron gap across the 
chip back-side surface. Since practically all  of the chip 
power passes through the small surface area of the 
chippiston interface, a thin gap must be maintained under 
all conditions to achieve high thermal conductance. The 
length of each section of the piston and the angles of the 
tapers are determined from a tolerance analysis that is 
described below. The maximum mid-section diameter 
provides adequate clearance for the piston to translate 
freely without sticking in even the smallest hat  hole,  while 
the piston length is determined by the amount of chip tilt 
that must be accommodated. By accommodating all chip 
and hardware tilts, the DTP retains intimate contact 
between the piston face and the chip surface under all 
conditions. The diameter at the piston ends is equal to the 
diameter of a conventional cylindrical piston that could 
also accommodate these tilt tolerances. The DTP shape 
displaces a larger portion of the low-conductivity gap-filling 
material with high-conductivity piston material, resulting in 
a 50% lower gap thermal resistance. The improved heat 
transfer from the chips is a consequence of small radial 
gaps plus intimate contact with the chip surface. 

Additional features of the TCM that have been changed 
from TCMs in the 3090 system include the interstitial heat- 
transfer medium, which was helium and is now a highly 
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DTP in  contact  with  flat chip (left) and with  tilted chip (right). 

conductive oil; the piston, which was aluminum and is now 
made of copper; the aluminum used in the hat, which has a 
higher  conductivity than in the 3090 system;  and the hat 
holes,  which are now  anodized to ensure electrical  isolation 
between  chips.  The ES/9000 Type 9121 air-cooled processors 
also  used these features in  their  121-chip-site  TCMs,  although 
the pistons were cylindrical rather than tapered, thereby 
resulting in  an internal  resistance of 1 . 7 " W  [9]. The  oil has 
two thermal advantages over helium.  In contrast to helium, 
long-term  leakage of oil is not  significant,  nor has it a 
conductivity  reduction in the very narrow  chip-to-piston- 
interface  gap [lo]. The copper has a conductivity  more  than 
double that of the aluminum  piston in the 3090 system. 
Finally, by anodizing  the  hat  hole, the large  anodization 
thermal  resistance on the crown of the 3090 piston  is 
eliminated,  and  only a small  thermal  penalty  remains. 

Mechanical design 
Key dimensions affecting the pistonbat assembly are 
shown in Figure 3. Each dimension has an associated 
machining tolerance, & SX,, where X ,  is any dimensional 
parameter illustrated in the figure. These dimensions and 
tolerances are selected so that the tightest clearance 
accommodates all  tilt conditions and is still easily 
assembled, yet  the loosest fit provides adequate thermal 
performance. A mechanical analysis coupled with thermal 
modeling  and supplier feedback was used to optimize ease 
of manufacture and thermal performance for each 
tolerance. 

piston and  hat was chosen within which the pistons could 
To begin the TCM  design, a clearance between the 
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Key  dimensional  parameters of EW9000 TCM cooling hardware. 

be freely assembled  and  disassembled.  While  tighter 
clearances were tested successfully, DTP currently retains 
the minimum clearance used in 3081 and 3090 TCMs, 
which is (D, - SD,) - (Dp + SDp) = 0.02 mm, where 
D, is the hat  hole diameter and Dp is the diameter of the 
middle section of the tapered piston. Two other critical 
clearance conditions required at the start of the analysis 
are C,,,- and CLz,min. These represent the minimum 
clearances between the substrate and hat and  between the 
piston  and hat hole bottom, respectively. The first 
clearance condition is governed by the heights of 
capacitors shown in Figure 3 which are located on the top 
surface of the substrate; the second condition is related to 
the fully compressed dimension of the spring which resides 
behind the piston in the hole  (not shown). The minimum 
clearances are obtained when the piston is  at its maximum 

808 extension into the hat hole  and  must  conform to a  tilted 
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chip. If we define Le,max as this condition, the nominal 
piston  length Lp and  nominal  hole depth L, are 

Lp = Le,max - SLp + Lpm - SLpm, (1) 

L, = C, + Lp + TCbp + Tsub - L,, + Tc - L, , (2) 

where L ,  is the length of the piston protruding out of the 
hat hole, TchC is the thickness of the chip, Tsub is the 
overall substrate thickness, L,  is the depth of the flange  of 
the substrate ground  from the pin surface to the reference 
datum,  and L ,  is the  lip  length of the base plate. 

Both Lp and L,  are dependent on tolerances and  fit 
conditions which require further definition. For instance, if 
the lower  flange surface of the substrate is the reference 
datum, as shown in Figure 3, the vertical assembly 
clearances are 
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C,, = CLl,min + STc + SL, + SLI + SL,, + STsub, (3) 

C, = Cu,min + STc + SLbp + SLI 

+ SL, + STsub + STcbip + SLp, (4) 

and the remaining  undefined parameter is the tolerance of 
the hat recess SLI. Once the  substrate thickness is known, 
the base-plate thickness can be determined for proper 
C-ring compression. Then LI is specified from 

Lr = -Lbf + Tsub + C,, + T, - L, . (5) 

Similarly, the distance the piston protrudes out of the hat, 
L,, and its tolerance are determined from 

Lpm = -TC + Lbp + Lr + Lbf - (Tsub + Tc,p) 7 (6) 

6Lpm = STc + SL, + SLr + SL,, + STsub + STchip. (7) 

The thickness between the bottom of the hole and the 
cold-plate surface, L,, is chosen to provide sufficient bulk 
material for the heat to travel around the hole to the cold 
plate with minimal constriction. 

Other tolerances that affect the clearance between the 
piston and hat hole not shown in Figure 3 are the base- 
plate parallelism, B,, , between the hat and substrate mating 
surfaces; the cushion parallelism, CII, between substrate 
and base-plate mating surfaces; the perpendicularity of 
the piston face to its axis; and the perpendicularity of 
the hat hole relative to the hat surface which mates with 
the base plate. Cumulatively, these tolerances contribute 
significantly to increasing the piston-to-hat-hole clearance. 
For ease of calculation, the first two tolerances are 
converted to an “equivalent” chip tilt  and simply added 
to the angle of chip tilt, Btilt, as follows: 

e,,, = e,, + arctan (C,,/125) + arctan (B,/125), (8) 

where the 125 approximates the  substrate length to which 
the parallelism of the parts applies. Thus, the piston 
diameter at the uppermost portion of the engaged piston, 
D,t, is determined from 

(Dh - SO,) - (Dtt + SO,) = Ct, = 2LT sin ( BToJ , (9) 

where Ctop is the minimum clearance between the  top 
piston taper and the hole, and L, is the length of the upper 
engaged half  of the DTP. Similar derivations can be 
applied to determine the bottom piston diameter and the 
length of the center cylindrical section. Once the piston 
dimensions are determined, the nominal  oil gaps are 
calculated as a function of piston engagement for each set 
of diametrical tolerances of 6Dp, I~D,~ ,  SDbt, and SD,. 
Once the gaps are known, the thermal performance of the 
assembly can be determined from the thermal models and 
compared to the difficulty  in obtaining these tolerances. 
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Thermal modeling 
Models were developed to estimate the resistance of single 
and multiple chip sites from the device to the cold-plate 
mating surface. The most  difficult portions to model 
accurately are  the engaged sections of the DTP, because 
of annular gap variation along its axis. The overlapping 
portion of the piston and hat hole separated by a narrow 
gap  filled with a relatively poorly conducting material can 
be represented by a  pair of conduction-coupled fins [ll].  
Heat is transferred from the base of one fin (the piston 
face), is conducted across the narrow gap, and exits the 
assembly at the base of the second fin (the hat at the 
bottom of the hole). If Tp and Th are defined as the 
piston and hat temperatures respectively, the following 
differential equations may be derived  from  an energy 
balance on the conduction-coupled fin assembly, with x 
representing the location along the piston axis “engaged” 
in the hat  hole: 

d’Tp kg.rrDp 
dr’ kpS(x)Ap 
- =- cTp - Th) 

and 

The subscripts h,  p, and g refer to the hat, piston, and gap, 
respectively, k is thermal conductivity, A is cross-sectional 
area, D is diameter, and S ( x )  is the axial variable annular 
gap between the piston and hole. A solution to these 
equations was presented by Chu et al. [l] for the case 
in which S ( x )  was a constant (Le.,  a cylindrical piston). 
For the DTP, S ( x )  varies with  axial engagement. Three 
approaches were used for the DTP geometry to solve these 
equations: a resistor network, as shown in Figure 4, an 
equivalent gap method, and numerical modeling. 

The resistor and equivalent gap models were used to 
determine the sensitivity of heat transfer to various 
geometric parameters. Finite element models (FEM) were 
used to examine specific geometries in detail. Solving the 
thermaVmechanical relations consisted of iteratively 
selecting machining tolerances, determining TCM 
dimensions, and then evaluating the analytical and 
numerical models. 

values, k: 
The models used the following thermal conductivity 

Material k 
(W/mK) 

Copper (piston) 391 
Aluminum (hat) 201 
Oil 0.17 
Silicon (chip) 129 
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the chip-to-piston-interface thermal resistance. The model 
also incorporated the effects of eccentricity of  an  off- 
centered piston located in a  hole, as described in [ll]. 
An improvement  due to eccentricity occurs because the 
overall gap resistance is  composed of many heat-transfer 
paths in parallel,  radially connecting the piston to the hat 
hole as shown in Figure  4 by the resistor elements.  With 
the piston  tilted  and  offset, some paths increase in 
resistance, while others decrease by amounts that provide 
a  lower overall gap resistance. The offset resistance 
reduction can be approximated  from 

(13) 

where r( 0) defines the hat  hole relative to the centerline of 
an  offset  piston.  Finally, the mechanical tolerances of the 
dimensions illustrated in Figure 3 were put directly into the 
thermal model to obtain a parametric evaluation of the 
effect of changes in tolerance on TCM performance. 

Partial EW9000 TCM cross  section  with  thermal  resistance 
network. 

Chips were typically 6.5 mm square on 10.8-mm centers, 
although rectangular chips and 9.9-mm spacings were also 
modeled. 

Analytical models 
One  analytical  model adjusted the solution of the 
cylindrical conduction-coupled fin differential equations to 
account for the S ( x )  variation of the gap. An effective 
cylindrical piston, Del, was defined  which is thermally 
equivalent to a tapered piston but is mechanically 
unacceptable because the clearance between parts is 
insufficient for tolerance accommodation. The low 
conductivity of the oil relative to the hat and piston  metals 
permitted D, to be defined as 

Deff 

- Dkf + Om5('fi + Dp)(LT - + 0.5(Db,ew + Dp)L,,eng - 
L p  - Lpm 

Y 

(12) 

where the subscript b,eng represents the dimensions of the 
engaged  portion of the bottom taper of the DTP. Finite 
difference  modeling was included in this analysis to 
account for the actual chip and  piston surface contours and 

81 0 tolerances and to enable  a parametric study to minimize 
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Numerical models 
Building on the findings  of the analytic models, extensive 
finite  element  modeling was used to understand DTP 
performance details for various cooling situations and to 
optimize its design.  Single-site  models,  generally consisting 
of over lo00 three-dimensional isoparametric thermal solid 
elements with  eight  nodal points [12], were utilized. 
Symmetry was frequently used to reduce model  size. 
Figure 5 shows one application where half  model 
symmetry is used to assess the impact of different  tilt 
conditions. Shown are temperature contours corresponding 
to the flat  and  tilted conditions shown in Figure 2, with the 
chip powered  at 15 W  and the cooling hardware at nominal 
dimensions. These models  included the unpowered  edge of 
the chip and the exact interface gap geometry for added 
accuracy. The cold-plate contribution is included by 
introducing  a convective coefficient boundary condition at 
the mounting surface on the hat equivalent to the cold- 
plate resistance. From the figure, the tilted  piston case 
has a  maximum chip temperature of  49.4"C, whereas the 
concentric piston  on  a  flat chip is at 50.9"C. This 1.5"C 
reduction with the piston  tilted  against the hat hole 
represents a O.l"C/W improvement  in internal resistance. 
As determined  from analytical studies, similar  effects were 
found  with  an off-centered, vertical piston. The DTP is 
seldom perfectly centered or fully tilted; hence, test 
results lie between these predictions. 

With the use of FEM, the data from the TCM test 
vehicles for  uniformly  powered square chips on 10.8-mm 
spacing were correlated with product modules that had 
square or rectangular-shaped chips, often nonuniformly 
powered  and on 9.9-mm as well as 10.8-mm spacing. 
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Piston  concentric with hole  Piston  tilted  in  hole 

I ~ 

T ("C) - 
32.8 
35.1 
31.4 
39.1 
42.0 
44.3 
46.6 
48.9 
50.9 
- 

- 
:ontour 
- 
T ("C) - 
32.1 
34.8 
36.9 
39.0 
41.1 
43.2 
45.3 
41.4 
49.4 
- 

Temperature  contours of DTP assembly  shown in Figure 2 

Y Relative 
Chip power 

Contour 
- 
T ("C) 

38.9 
39.6 
40.3 
41.0 
41.1 
42.4 
43.1 
43.8 
44.4 

- 

- 

Nonuniformly  powered  rectangular  chip (left) and  the corresponding  temperature  contour  (right) 

Figure 6 shows the results of an analysis of a rectangular, temperature contours in the chip and  piston are shown  at 
nonuniformly  powered chip on a 9.9-mm spacing from the the right. 
device side of the chip.  Low-,  medium-,  and  high-powered The DTP module was modeled  using  two  methods. 
regions are identified at the left, and the resulting Statistical resistance network models were generated by 81 1 
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I 
JUL 7 1987 

ANSYS 4.2 

POST1 STRESS 
! 3 : l l : l ?  

STEP=I 

TEMP 
I T E R = I  

1 Chip 
I 

Module 
center, 

- 
:ontow 
- 
T ("C) 

26.9 
33.9 
40.9 
41.9 
54.9 
61.9 
68.9 
75.9 
82.9 

- 

- 

Early  projections of temperature  contours of one-quarter of a  100-site  worst-case  module.  The  pistons  are  undersized,  the  chip-to-piston- 
interface  gaps  are  at  worst case, and  the  external  resistance boundary condition is 1.5 times  the  actual  product  value of the  piston. 

~ ~ . ~ . . " "  " .. . . . .. ." . . .  . " ~ .  . . .. 

connecting the single-site  models  shown in Figure 4 with 
appropriate boundary resistors. The network was refined 
from test data and was used to assess the statistical 
minimum and  maximum temperatures of each chip. These 
models  combine the thermal and  power variations in a 
Monte  Carlo  simulation  and are comparable to the earlier 
modeling  performed  on 3081 and 3090 TCMs [2]. 

The need for accurate module  models was apparent 
prior to generation of the network models. FEM was 
therefore applied to quantify the benefits of using a high- 
conductivity honeycomb-like hat structure which  efficiently 
displaces heat around the holes in the hat from the hot 
to cool  regions of the TCM, thereby reducing the 
temperatures of the high-powered chips. A direct, single- 
pass detailed FEM was practical for only  one-eighth of the 
module because of the model size. To include  more sites, 
substructuring was needed [12]. The 1300 solid elements of 
each chip site become a single  "superelement." The edges 
and certain interior nodal points defining these elements, 
including representative chip nodes, become degrees of 
freedom in the superelement. A second model is created 

81 2 by  using 3D isoparametric solid elements for the TCM 

perimeter, with each chip site represented as a 
"superelement" that can be  individually  powered. Figure 7 
shows temperatures for the 25 chip sites of a quarter- 
module  model  and for the perimeter of the substrate, hat, 
and  cold plate. Here the (3,3) chip  position is powered to 
25 W and the other 24 sites are powered to 18.8 W each. 
To determine a full set of temperatures for every chip site, 
the method of substructuring requires an additional FEM 
solution iteration; however,  with our interest focused on 
the subset describing the chip temperatures, considerable 
time was saved by selecting those nodes at each chip site. 
The temperatures at these nodes are displayed directly 
from the module analysis, as depicted in the figure. The 
temperature contours show that with a worst-case piston- 
to-chip-interface  gap  and  an external resistance 50% 
higher than in the current product, the 25-W site has a 
temperature of 82.9"C. From these analyses, it was 
apparent that a 10% reduction of resistance could  be 
realized  at the high-powered sites because of the additional 
heat paths in the hat created from  nonuniform  chip 
powers. TCM test data confirmed these projections. 
Optimization studies from the TCM models  yielded  longer 
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Measured internal resistance C‘CnV) 

15 - 
12 
9 -  
6 -  
3 -  

- 

15 L 
12 - 

3 -  

c End of life 

8 :  
r 1 

ltuice end of life 

h I 

0.6 0.8 1.0 1.2 1.4 1.6 1.8 

Internal resistance (“CnV) 

Measured  chip-site  internal  resistance ( “ C N )  from 30 modules 
having 100 chips  each. 

Measured chip-site internal resistance ( “ C N )  of modules stressed 
on accelerated life testers. 

pistons in comparison  with results from the single-site 
model. 

Test veri@cation 
The multiplicity of symmetric chip sites permitted the 
initial tests  to be conducted on a single-site  basis. The 
single-site test fixture,  which  enabled several design 
permutations to be tested rapidly, consisted of a “hat” 
of one chip site, a piston, a silicon chip with  heating 
elements, and the peripheral equipment  needed to power 
the chip,  cool the hat, and record the data. In addition to 
verifymg the analytical and  numerical  models,  single-site 
tests were used to measure the decreased heat transfer 
due to the anodization coating  on the hat hole surface at 
O.O6”C/W. 

continued to the present time. Early development  testing 
evaluated both  aluminum  and copper DTF’s, as well as 
variations in oil vent size and shape, and supplemented the 
analyses. The oil vent adds additional  manufacturing steps 
as well as a small thermal penalty. An axial vent located 
on the surface of the piston was chosen as the best 
compromise  between performance and  manufacturability. 
Chip temperature measurements were performed  on 
thermal test vehicles with 100 chips having resistive 
heating elements and temperature-sensitive diodes. The 
TCMs were built in a clean-room environment and 
instrumented with thermocouples on the hat and substrate 
surfaces. The  module test fixture  powered the chips in a 
uniform  manner  and recorded 600 temperature and 200 

Full-scale test verification started in  1988 and has 

power measurements. The data were reduced to internal 
resistance values at each chip site. 

A database of more than 30 full-scale test vehicles was 
established to verify the DTF’ performance. Figure 8 shows 
a distribution of measured chip-to-hat internal resistances 
for equally powered chips. Modeling  identified four causes 
for the variation shown: 

Source of variation Maximum variation 
( “CW 

Piston and hat tolerances 20.2 
Piston position in hat hole -0.1 
Module  edge  cooling  effects  -0.15 
Interface contaminants +0.4 

The test data verified the internal resistance to be 
1.21°C/W for the 100-chip-site  TCMs, as predicted by the 
analytic and  numerical  models. For the 121-chip-site 
TCMs, the internal resistance is increased to 1.36”C/W 
because of its smaller chip-site size. Single-site 
experiments in addition to the modeling  efforts were used 
to determine the effect of the smaller site size. 

In  parallel  with the establishment of a “beginning of 
life” database, several TCMs underwent a vigorous 
accelerated stress test to simulate environmental 
conditions during  and after the calculated lifetime of the 
product. Figure 9 shows that the TCM performance is 
slightly  improved at the end of one life  and is equivalent to 
new  at the end of two expected lives. As the machine is 
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Projected nominal chip power (upper  number)  and measured chip temperature (lower) during  operation of a 121-chip-site module in  an 
EW9000 uniprocessor. 

powered  on  and off, thermal  expansion moves the piston 
relative to the chip. The cycling tends to improve the chip 
interface gap by embedding asperities into the soft copper 
piston. This was particularly noticeable on those .sites that 
had high initial resistance values. After  end of  life, a  few 
sites had  an increase in thermal resistance which was 
attributed to this relative motion scratching the piston face 
and increasing the interface gap. The maximum resistance 
at  twice  end of  life was less than 1.4”C/W at these sites, 
and the TCM average was equal to its initial  average. 

The TCMs in the ES/9000 systems were the first 
modules to be  thermally tested using actual product. Two 
testing procedures were used. Upon assembly, the TCMs 
were thermally tested in a post-encapsulation thermal 
tester (PETT) by monitoring temperature-sensitive diodes 
located on the chips. Most of these diodes were accessible 
through the module 1/0 pins. Several TCMs were also 
tested in ES/9000 systems by measuring the actual chip 
temperatures through  wiring on the back side of the TCM 

81 4 board, whereas prior TCM developments relied on 

statistical resistor network projections. The data from 
actual product chips were used to refine network models 
and improve their accuracy. Figure 10 shows the measured 
chip temperatures and the estimated nominal chip power 
during operation of a typical 121-chip-site  module  in  an 
ES/9000 uniprocessor. The center sites in Figure 10 are 
powered to 20 W, whereas the perimeter sites are at about 
9 W. A total resistance from electronic device to water can 
be calculated from the temperature data for each chip site. 
The interior sites have a total resistance 0.2”C/W less than 
the perimeter sites, illustrating the effect of heat spreading 
from the “hot” sites to the “cool” sites due to the 
inherently low thermal resistance paths in the hat structure 
between the chip sites. 

Manufacturablllty 
The DTP  design retains the manufacturability inherent in 
prior TCM  cooling  technology  while  delivering four times 
the thermal performance. Despite its simplicity, its cooling 
capability is as good as those of multi-fin approaches. The 
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machining of a cylindrical hole  in  aluminum hats is  well 
established. The piston tapers, with looser tolerances than 
the center cylindrical section, are readily machinable. The 
piston crown, which is the most tightly toleranced and 
critical dimension, has been successfully fabricated by 
several different processes. The other design attributes, 
including the hat anodization, conical spring,  and  oil vent, 
each have proven processes. The DTP parts are readily 
fabricated and assembled. Its low part number count 
minimizes assembly time and operator errors, and helps to 
ensure the reliability of the modules. 

Extendlbility 
The thermal/mechanical models permitted a broad range of 
mechanical tolerances, material properties, and boundary 
conditions to be explored. The extent to which further 
cooling performance is implemented depends on the trade- 
offs to be accepted. Three possible thermal improvements 
include a further reduction in the annular gap, copper hats 
and pistons, and closer proximity of the coolant to the 
chips. In the first case, the gap may be reduced by taking 
advantage of statistical process controls (SPC) used in the 
manufacture of the hardware [13]. Whereas the ES/9000 
TCM is designed to meet a worst-case addition of the 
many tolerances involved without disturbing the chip-to- 
piston interface, reduced annular gap width and improved 
performance are possible with the use of SPC. The second 
improvement is the performance gained  from the high- 
conductivity materials. The  difficulty here is achieving 
electrical isolation between the chips without the presence 
of aluminum. The third improvement involves making  a 
combined hat and cold plate with the water channels 
located between pistons [14]. In this case the hat 
conduction resistances are eliminated. These extensions 
taken together can extend the dual-tapered-piston cooling 
technology on 6.5-mm chips to over 50 W. 

Summary 
The ES/9000  TCM demands for cooling  high-powered 
chips to lower temperatures required a  fourfold decrease 
in TCM thermal resistance from that of the 3090 system. 
Replacing  helium  in the interstitial piston-to-hat gap with 
highly conductive pastes was not successful, and the more 
complex designs using  multiple  pistons/fins per chip 
increased manufacturing costs. Further examination of the 
thermaVmechanica1 tolerance relationship among the chips, 
substrate, and  cooling hardware led to development of the 
dual-tapered-piston design, which consists of an upper 
tapered section, a  middle cylindrical section, and a  lower 
tapered section. The DTP shape provides a means of 
displacing relatively low-conductivity oil with high- 
conductivity copper while retaining intimate contact 
between the piston face and chip surface under all 
tolerance conditions. 
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Analytical and numerical models were developed that 
provide estimates of the sensitivity of  TCM performance to 
geometric parameters to optimize the TCM  design. The 
single- and multi-site (100 and 121 chip sites) TCM models 
related experimental results of uniformly powered square 
chips to those of nonuniformly powered rectangular chips. 
The models demonstrated that heat transfer can be more 
efficient with the piston offset and/or tilted in its hat  hole. 
The TCM models also quantified the spreading effects that 
cooler chips have on hotter chips. The models were 
consistent with each other and with experimental test data. 
Test verification was performed on  single chip sites, on 
multi-chip thermal test modules, and on product modules 
in testers and in  ES/9000 machines. Approximately 40 
thermal test modules were tested, with several stressed 
well beyond the expected product lifetimes. Excellent 
agreement was obtained between the analyses and thermal 
data, which include data obtained from modules tested on 
the ES/9000 systems. The ranges of tolerance conditions, 
material properties, and boundary conditions studied 
indicate that DTP cooling is extendable to future product. 
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