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support sectors. Two different schemes are being con-
sidered for mounting of the detectors and bus: according
to the first option the stave bus is directly glued on the
carbon sector, followed by the pixel chips and the de-
tector ladders; alternativley, the chips are glued to the
carbon fibre, followed by the detector ladders and the
bus. The former scenario makes wiring and mounting
easier at the expense of a poor thermal coupling be-
tween the pixel chips and the cooling channels which are
separated by the stave bus. The latter choice favours
thermal coupling over mechanical and electrical consid-
erations. Also shown in figure 1 is a magnification of
the groove in the carbon support structure for the cool-
ing ducts. Such ducts will be obtained from cylindrical
stainless steel tubes with an outer diameter of 2.0 mm
to 2.5 mm and a wall thickness of 35 pm squeezed to
an internal aperture of 0.6 to 0.8 mm. In the tests, the
external diameters before squeezing ranged from 1.5 mm
to 3 mm and wall thicknesses of 100 pm. Henceforth, we
will refer to the cooling pipes simply by their external
diameter before flattening.

IIT. COOLING TESTS
A. Cooling tests with a one-sided sector

The first setup reflected the conditions specified in the
TP, namely low power dissipation (8W/stave) and one-
side access to the cooling sectors. Water was chosen as
coolant for its efficiency and the cooling circuit operated
in the leakless mode. Such a mode of operation greatly
reduces the maximum flow that can be achieved but en-
sures that no liquid leaks onto the sensitive electronics.
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FIG. 2. a) Cross section of the stave prototype and cool-
ing duct. b) A schematic representation of the 6 dissipa-
tors/cooling ducts together with pressure and temperature
sensors.

The cooling efficiency was further reduced by the one-
sided approach since the same fluid is used to cool the

outer and inner ladders in series. A prototype carbon-
fibre sector was employed with the cooling water fed into
the 4 ducts on the outer barrel and returning through the
2 ducts on the inner barrel. Since all pipes had the same
size, the flow in the inner ducts was double that of the
outer ducts. Only the smaller, 1.5 mm ducts were used in
the tests. The cooling pipes were laid on the flat surface
of the carbon-fibre structure (the prototype sector had
no grooves) while the ”staves” were kept in position by
1 mm thick spacers. The scheme is illustrated in fig. 2b:
a collector on the input side distributed the cooling fluid
to the cooling ducts of the 4 outer staves and collected
it from the 2 staves of the inner layer. The collector
on the other side received the fluid of the outer staves
and redistributed it to the inner staves, without external
connections. The heating elements were fabricated to
simulate each ladder, and having roughly the same size
as the stave, which produced a reasonably homogeneous
power dissipation.
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FIG. 3. Temperature increase as a function of the power
per stave for the cooling scheme represented in figure 2. See
text for explanations.

The resistor ladder was on a fibre glass frame as repre-
sented in fig. 2a. Thermal coupling between the resistor
ladder and the cooling ducts was achieved by means of a
conductive grease !. During the tests, the whole struc-
ture was kept inside a plexiglas cylinder externally lined
with an aluminum foil. The temperature was monitored
on both sides of each cooling tube by means of 12 Pt100
thermoresistors 2 whereas 6 pressure transducers 3 were
positioned at the entrance and exit of 3 tubes. The re-
duced size of the Pt100 (4x2x0.6 mm?) and the good
thermal contact with the metal surface of the cooling
ducts (tightly wound in place by means of thermosetting
sleeve) guarantee a reliable temperature reading. Two

'"Dow Corning 340: thermal conductivity K ~ 0.39W/m°C
?Tersid mod. MFK 422A TDI
3Honeywell Microswitch, 26PCC Type differential gauge.



more Pt100 measured air temperature inside the con-
tainer. The total temperature increase (AT) from input
to output is represented in fig. 3 as a function of the
power per stave. AT increases with power according to
the coefficient 0.71 °C/W. The temperature increase is
distributed unequally between the outer and the inner
staves: two thirds of it take place in the outer (input)
four staves (0.55 °C/W) and one third in the inner (out-
put) two staves (0.28 °C/W) due to the double water flux
in the latter.

A power dissipation of 8W /stave implies a AT = 5.7°C in
cooling water temperature, a value that could have been
improved, for instance by use of larger cooling ducts, but
the tests were discontinued when the new power figures
emerged.

B. Tests with the one-directional setup
1. Water cooling tests.

The efficiency of the setup described in the previous
section is inadequate for the presently expected values of
power dissipation (25-30 W /stave according to the Tech-
nical Design Report [2]). The one-sided approach had to
be abandoned in favour of one-way flow (fig. 4).
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FIG. 4. Schematic representation of the 2 staves/cooling
ducts together with the 3 pressure and 4 temperature sensors.
Two more sensors monitored the air temperature inside the
container. In the discussion, the coolant is supposed to enter
from the left.

This choice in turn makes the leakless solution im-
practical since the return hose would have to be about
25 m long and thus limits the flow and cooling efficiency.
Therefore an inert fluorcarbon coolant (CgF14) was cho-
sen instead to limit damage to the electronics in case of

leak. Nevertheless, the first tests with the new setup were
performed with water, in leakless mode (with a short re-
turn hose of about 1 m), in order to compare the two
coolants. In the new scheme, an entrance collector dis-
tributes the coolant among the 6 tubes of one sector,
which take it to an exit collector on the other side of the
cooling sector (see [2]). Since all cooling ducts work in
parallel, there was no need to use a full prototype sector
in that phase of the tests. As can be seen in figure 4,
the actual setup was simpler and included only 2 staves
with their cooling pipe. The entrance and exit collectors
were substituted by simple "tees”. Four such prototypes
were built in order to test cooling tubes of different sizes
(initial diameters 1.5 mm, 2.0 mm, 2.5 mm and 3.0 mm).
New distributed resistors, consisting of copper circuits
printed on fibre glass frames, were employed in the tests.
Because of power limitations a cooling duct was sand-
witched between two such resistors. The thermal cou-
pling is thus enhanced compared to working conditions
due to:

a) doubling the contact surface, now on both sides of the
cooling pipe and

b) insulating the power source towards the exterior by
means of the thick (1 mm) fibre glass support.

The two staves lay on a carbon fibre support, and
the full setup was enclosed in a 3 cm thick insulat-
ing polyurethane box, internally lined with a thin Al
sheet. The only apertures were those strictly required
for coolant flow and electric wiring (for the resistors and
the sensing devices) thus providing an effective thermal
insulation (the thermal resistance in the absence of flow
was about 30 °C/W). In view of point a) tests with such a
prototype should provide an optimistic result as regargds
the maximal AT along a stave. On the other hand one
can reliably equate the dissipated power of the resistor
and the power removed by the coolant, in steady state
conditions.
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FIG. 5. AT as a function of the power dissipated per stave
using the setup of fig. 4 with water cooling. The lines are
linear fits to the data.

The arrangement of Pt100 is similar to the one of
the Pt100 temperature sensors described in the previous



paragraph, whereas the arrangement of pressure sensors
is more complex (fig. 4b). Both sensors were of the
same type as in section III.A. If the pressure drop along
the flat portion of the ducts (in thermal contact with
the dissipator) is needed, corrections must be applied to
the measured difference P, — Ps, to properly correct for
the effect of the changes in cross section of the cooling
duct (circular to flat, and viceversa) and the two ”tees”.
The first effect was measured at the sides of a short por-
tion (1 cm) of pipe undergoing such changes while the
pressure drop at the "tee” (e.g. (Py + Ps)/2 — P3) was
approximately 50% larger than the former.

The results of the water tests for different diameters of
the cooling ducts are summarized in fig. 5. The improve-
ment, if compared with fig. 3 is apparent. AT is now well
below 10 °C for a 1.5 mm pipe, even at the upper limit
of 33 W/stave. Even better performances are achieved
with larger tubes.

2. fluorocarbon cooling tests



aspect regarding temperature increase. It goes without
saying that the ladder itself must be hotter than the cool-
ing fluid and, in an thermally insulated environment, one
can expect the air to stabilize at an intermediate temper-
ature between coolant and ladder.
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FIG. 8. Time dependence of the water temperature (en-
trance and exit), air temperature and ladder temperature.
Notice that the air in the insulated box heats more than the
cooling fluid.

This is indeed what is observed, as can be judged in
fig. 8 reporting the time dependence of input and output
temperatures of the cooling water, the air temperature
(average of two measurements, from Pt100’s placed about
5 ¢cm above the ladders, close to its extremities) and the
”ladder temperature”. The ladder temperature is the
average of 4 temperature measurements along the resistor
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FIG. 9. Calculated flow (Qn) vs measured flow (Qeazp) in
the fluorocarbon tests. Q. is calculated from thermal bal-
ance. The lines represent Qi = Qezp together with £20%
deviations.

(Cu printed circuit boards). The Pt100’s for this mea-
surement were placed at almost regular intervals along
the ladder, and were consistent with a constant temper-
ature. Fluctuations being mainly due to the difficulty of
getting good thermal contact with the Cu-resistors while

avoiding the ubiquitous conductive grease in contact with
the cooling ducts. Since the system is insulated the power
dissipated in the resistors equals the power removed by
the fluid (Wr =6 - Q- AT, 6 being the fluid density and
Q the flow).

Fig. 9 shows that this is indeed the case in the fluoro-
carbon tests since most points fall within 20% from the
flowmeter ° reading. In the water tests, the flow was
not measured directly, but was estimated from thermal
balance. The values thus obtained range from 40 to 80
ml/min, with Reynolds numbers 550 < Re < 750, in-
dicative of laminar flow.

The fluorocarbon flow, on the other hand, is character-
ized by 3000 < Re < 5000, too large for a laminar
flow (Re < 1000), but not yet in the turbulent regime
(Re > 10000). With this coolant, a few points were ac-
tually measured at lower flow: they are reported in figs.
9 and 10, but not in figs. 6 and 7. As a way to visualize
the flow regime one can compare the data with laminar-
flow (Poiseuille like) calculations. Our squeezed ducts
have a non standard shape, however it is reasonable to
approximate the flow in the rectangular portion of the
cross section as if it were a portion of flow between two
infinite parallel surfaces. In such an approximation, the
flow can be expressed as:

where a is the width of the rectangular portion, h the
distance between the parallel planes and 7 is the dynam-
ical viscosity. AP is the pressure drop across the cooling
ducts as discussed above. The comparison in figure 10 is
between experimental pressure drops (AP.;p) and that
calculated with the above formula for a laminar regime
(AP,).
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FIG. 10. Calculated versus measured flow. CgF14 data.

5Flowmeter model SFL from Kobold instruments



The prototypes utilized so far are still some way from
a realistic test in working conditions. They have helped
to decide on which type of cooling system should be im-
plemented in the Alice ITS pixel detectors, and provide
crucial data for future simulations. They also raise some
question on the very definition of acceptable temperature
increase within the SPD barrels: is it sensitive to refer
to the heating of the coolant, or should one rather talk
about ambient (i.e. air) heating? After all it is the lat-
ter that matters to the neighbouring ITS detectors (the
Silicon Drift Detectors, SDD), but the former is easier to
measure and control. Since one cannot prevent a fraction
of the power dissipated from propagating radially to the
external ITS layers, the cooling scheme of the SPD will be
completed by an external carbon-fibre shield which may
carry additional air cooling and/or liquid cooling ducts.
Such an arrangement should provide better temperature
uniformity towards the SDD layers. New tests are in
preparation with a more realistic setup, using a couple
of carbon-fibre sectors complete with their 10 ”barrels”
with cooling ducts and the external shield. Besides be-
ing more realistic, such tests will provide information on
the temperature uniformity achievable on the external
shield, a crucial parameter for the neighbouring detec-
tors of the ITS. Another important issue to address is
concerned with the final choice of the ladder-bus mount-
ing (the two options mentioned in sec. II). The feasibility
of the first option, on thermal grounds, depends crucially
on the results of the forthcoming tests.
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