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Cooling of a W-S calorimeter.
J.BADIER

L aboratoire Leprince-Ringuet

The W-Si cdorimeter is made of a stading of plates. Some of them suppat hybrid circuits, releasing hea. In the
absenceof codling, the temperature has to increase regularly. To ensure apermanent state of the temperatures,
certain plates must be aadled. The powers of the hot sources must be balanced by cold sources.

| - Thermal properties of the cdorimeter comporents.

Nature Density Conductivity Spedfic hed
Units Kg/ m3 W/ m°K J/ kg °K
Tungsten 19220 160 134
CarbonEpoxy 1570 0,6 1100
Aluminium 2700 170 902
Glue 1000 0,2 1000
Silicium 2329 124 702
GlasgEpoxy 1900 0,6 900
Air 1,213 0,025 1010
Il - Transverse compasition.
Name Width en ym Material
Air gap 100 Air
Carbonfibre 150 Carbon/epoxy
Radiator 1400, 2800 04200 Tungsten
Carbonfibre 150 Carbonepoxy
Air gap 100 Air
Cap 200 Aluminium
Air gap 100 Air
Integrated circuit into Al 1000 Aluminium
Printed circuit 1700 Glasdepoxy
Glue 20 Glue
Central wafer 525 Silicium
Air gap 100 Air
Carbonfibre 150 Carbonepoxy
Radiator 1400 o 4200 Tungsten
Carbonfibre 150 Carbon/epoxy
Air gap 100 Air
Central wafer 525 Sili cium
Glue 20 Glue
Printed circuit 1700 GlasgEpoxy
Integrated circuit into Al 1000 Aluminium
Air gap 100 Air
Cap 200 Aluminium




The use of the average temperatures of the plates and the sums of their thermal powers smplifiesthe analysis.
Under these mndtions, the three-dimensional thermal problem is ©lved by a one-dimensional treament. The
two-dimensional treament of ead plate can be gplied later.

The properties of the cmmporents of the cdorimeter are listed in the table |. The cdorimeter is made of a set of
boxes, which are inserted into a tungsten/carborn/epoxy compasite structure. A possble geometry isgivenin
tables|l.

One-dimensional analysis.

A virtual tower of sedion d one an?iscut out in the stading of the plates. From tables| and Il, ore evaluates
the thermal resistances between the heaed towers elements, which receve hea. These resistances are
dternatively equal to R; = 166 °K/W and R, = 188°K/W. Thefirst value crresponds to a box and the secondto
awall. Tungsten isagood condLctive, the thicknessdifferences have anegligible incidenceon R; and R,. The
main contributionis dueto the ar gaps. Their thicknessis suppcsed to be equal to 100pum that gives aresistance
of 40 °K/W. One has alarge uncertainty onthis estimation. The value of the dedronic power is taken equal to
W =5 mW per cm?.

Withou internal codling, the two external surfaces, which are isothermal, absorb the whale hea. Their
temperatureis To. The maximum temperature T iSreadied in the midde. In the case of a cdorimeter with n
wafers, that isn/2 boxes, the result is Tha - To=W n?2 (Ri+Ry) / 8 =.22 1. Finally, with n=40 heded plates,
one obtains T - To = 350°K.

A cutting of the cdorimeter into 4 stadks whose edges would be moed and maintained at the temperature Ty,
would divide T - To by 16 that gives 22 °K. A spaceof 3 mmwould be sufficient to provide the madling.

One moling per wafer would lead to diff erences of temperature lower than .5°K. The problem would beto
redise aliquid circulationinto capill ary pipes, inside agap of 1 mm.

The results have to be multiplied by the dfedive duty cycle. With 1%, the 350°K beaomes 3.5 °K.

These estimations takes into acourt the ar gaps between plates. A pile-up withou air gaps gives R; = 86 °K/W
and R, = 68 °K/W. Fador 2.3 dvides the temperature diff erences. One understands the importance of air gaps
thicknessand the mnsequences of their uncertainties.

Cooling of an aluminum plate.

The microchips are fixed onthe PCB plates, which ensure mnredions with the pads of the wafer. Their
thicknessare of the order of one millimetre. Thereisone chip of 1 cm2for 81 pads of 1 cm2. To have agood
codling, it isexcluded to leave ar aroundthe cips. It is necessary tofill this pacewith ahigh condiction
meaterial like duminium. The dhallengeisto cod this auminium to redise an isothermal plate.

The suggested solution consistsin making circulate a @dant in a cgill ary conddit in the thicknessof 1 mm of
the duminium plate. This goa can be reated under two condtions. First isto dbtain a spedfied flow with a
rather small i nternal diameter and an acceptable presaure. Secondisto have arather large hea exchange between
the liquid of codling, the duminium of the plate andthe dip.

Diameter and pressure.

If the flow in the caill ary is laminar, the presaure lossper unit of length Ap/Al is related by the Poiseuill
formulato the diameter D of the pipe with a suppased circular sedion.

Ap/Al = 128 uM/(pTiD?)

The parameters 1 and p are the dynamic viscosity and the density of the liquid. The variable M isthe weight rate
of flow. A flow of 1 g/secof water (Wp=10° m?s) inside apipe with adiameter of 1 mm gives a Reynolds
number of 1300< 2200.The flow islaminar. That gives apressure drop d 0.4 kars per meter, whichis 1.2 tars
for 3 meters. One needs 7.2 W to evaauate 5 mW per cm? over a surfaceof 1.6x 0.09m2. The flow of 1 g/secof
water will give adiff erence of temperature of 1.7 °K between entrance and oupLt.

A flow of 10 g/secinto apipe of 3 mm gives a Reynalds number of 4300.The flow isturbulent. It generatesa
presaure drop o .25 hkars per meter.

Heat exchange.

A bad hea exchange between the cadant and the duminium plate will not allow cooling, even with an oversize
flow. Thermal resistance between the liquid and the duminium is the sum of threeterms. Thereisinitialy the
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exchange between the liquid and the internal wall of the tube. It is necessary to add the resistance of the tube
wall. Lastly, thereisthe exchange between the external wall and the duminium.

Conductance between coolant and wall.

The cdculation d the exchange between the laminar flow of afluid and the wall of atubeis complicated. There
isasimple solutionif the hea exchanged per unit length is constant along the tube. The radial distribution d the
temperature is then equal to T(0) — T(r) = 2.40 (r/R*r*/4R?. The parameter O isthe average of T(0) - T(r).
Exchanged hed isthen 4.8 W/m/°K. Using water, the condctivity K is0.6 W/m/°K. The ondictanceisthen
90 mW/cm/°K, independently of the pipe diameter.

Conductance of the pipe wall.

Theinterior and external radius are respedively R, and R.. The temperature varies like In(r). One ohtainsthusthe
hea dW/dx through the wall, per unit of length of pipe, asafunction d T; and T, that are the interior and
external temperatures.

dW/dx = 21K (TeT;) / In(R4/R;) W/cm/°K
Using aplastic tube with K = 0.1W/m/°K and R,/ R; = 2, ore obtains 9 mW/cm/°K. Using a stainless $ed tube
with K =15W/m/°K and R./ R, = 1.2, ore reahes 5 W/cm/°K.

Conductance between the tube and the duminium.

The tube hasto be caefully inserted into the duminium with glueinto agroove. In such a cae, the condictance
isabou 100mW/cm/°K. It is clea that with a straightforwardly deficient contad the cnductance may deaease
lessthan 2 mwW/cm/°K.

Cooling optimisation.
Using adired fluid circulationinto a groove, ore can hope for a cndctance between the fluid and aluminium
from 50to 100mW/cm/°K. It is necessary to evaauate 7.2 Watts per plate. The diff erencein temperature
between the entry and the exit of water lies between 0.25°K and 0.5°K. It is enough to awater flow from 0,15
to 0,3g/sec That is compatible with a diameter of pipe of 1 mm or even dlightly smaller.

Itisnaticed that it would be possbleto cod 10 wafers with a diff erencein temperature lower than 5°K by using
a3 mmdiameter tube.

Temper atur e of a PCB plate.

The mean temperature of a PCB plate is determined by the one-dimensional analysis, bu the temperature
distributionis nat uniform.

Isolated plate.

One onsiders a drcular plate with radius R and thicknesse. A circular source of radiusr and d power W is put
at the centre. Itsisothermal circumference @ads the plate. The diff erence of temperature between the source and
the drcumferenceis AT = W In(R/r)/2riKe. In the cae of a PCB of condctibility K = 0.6 W/m/°, withe=1
mm, R/r =9andW = 0.4W, ore obtains AT = 230°K. One would find AT = 0.8 °K with an aluminium plate.

With several sourceonaredangular plate the distributions are alittle more cmplicated bu the differencesin
temperature between the sources and the edges are of the same order of magnitude.

PCB plate PCB joined with an aluminium plate.

When PCB and aluminium are glued between them by a fine cmnducting layer, the Ke term is the sum of (Ke)pcg
and (Ke) a1 The system behaves like duminium. It is nat the case, if alayer of air separates the two plates and if
the sourceis fixed onthe PCB without touching with aluminium. Hea starts by crossng the PCB before being
diff used towards aluminium, through the ar. Aluminium is almost isothermal. The diff erences in temperatures
onthe PCB are important, withou however being as large & for a plate isolated from PCB. Experimental
measurements are necessary to estimate with agood cegreeof confidence these diff erences in temperatures.
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Six hat sources onaredangular plate coled onthreesides.

Experimental tests.

A PCB plate was equipped with six heaing resistances. These square resistances of 1 cmonside and 80Q arein
close mntad with the PCB. Eight thermistors are inserted in various paints of the plate. Figure 1 shows their

layout. An aluminium plate is dightly tight against the PCB. Between the two, the thicknessof air is evaluated to
100pm.

-

Figure 1 - Schematic view of the PCB plate.



Without internal cooling.

The system of platesisisolated from the anbient environment by two thick insulating slabs of 5 cm placed on
both sides. A tension d 4 voltsis applied to the heding resistances delivering a power of 6x1680= 1.2W, that
is5.5mW per cm2. The time evolutionis shown onthe figure 2. The bottom curve is the anbient temperature.

Initialy, the system isin balancewith the anbient condtions. As onasthetensionis put on heaing

resistances, the temperatures become diff erent. Then, the system evolves dowly to a permanent state. The
relative distribution d the temperatures remains unchanged. The diff erence between the points the hottest
neighbou of aheaing resistance andthe pointslocated close to the edges of the plateis of 3.3 °K. One measures
adifferenceof 5 °K between heding resistanceitself and aluminium. It is acceptable. Otherwise, it would be
necessary to pu the chipsdiredly in contad with aluminium. The diff erence of 14 °K between the anbient
temperature and the duminium gives an estimation d thermal resistance of the insulation. It is 2500°K/W per
cm?. It corresponds to 30cdorimeter layers on ead side.
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Figure 2 - Temperature evolutionwithou internal cooling. Time in hous.




With internal cooling.

A plastic caill ary pipe was glued over the medium of the duminium plate. Itsdiametersinterior and ouside ae
respedively 600um and 1100um. The mntad length is 18 cm. A water circulation cods the duminium and the
PCB. The measured flow is 0.07g/sec The temperatures variations are shown onfigure 3. Therelative
distributions of the PCB temperatures remain urchanged. When a stable state is readed, the temperature
differencewith the anbient is 7 °K. The wefficient of hea exchange between water and aluminium is 5
mwW/cm/°K. This measurement agrees with the cdculated evaluations. First measurements with water diredly in
contad with aluminium are compatible with the cdculated value.
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Figure 3 - Temperature diff erence with ambient when water is circulating.
The anbient temperature isless sable than that of the PCB.
Conclusion.

A very efficient cooling can be performed using an aluminium plate of 1 mmwith water circulating inside a
groove of .6 mm of depth. The diff erence of presaure between entrance and ouput would be of the order of 1.2
bars. The problem of the plumbing conredionsis uneasy.

If one accets adifferenceof some °K in the plates pile up, it is possble to dvide the cdorimeter into 4 stacks.
Only one madling plate can be put between stadks. The diameter of the waling pipe hasto be 3 mm. The presaure
differenceis abou .6 bars. The plumbing problem is smplified. The main drawbad is the ar gaps uncertainty.
A solutionisto glue dl the plates of astad. It could be incompatible with the wafers fragili ty. Another solution
would betofill all the ar spaceswith aliquid. In any case, the conductibility of aliquid is at least 10times
larger than the ar ones.



