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ABSTRACT. This paper describes the evaporative system used to eosiliton detector structures
of the inner detector sub-detectors of the ATLAS experinatihe CERN Large Hadron Collider.
The motivation for an evaporative system, its design andstroction are discussed. In detalil
the particular requirements of the ATLAS inner detectochtécal choices and the qualification
and manufacture of final components are addressed. Firegdhyits of initial operational tests
are reported. Although the entire system described, thergdapuses on the on-detector aspects.
Details of the evaporative cooling plant will be discusskgwhere.
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Figure 1. The Inner Tracker of the ATLAS experiment.

1. Introduction

The ATLAS detector [[ll] is a multi-purpose detector curngriiking constructed at one of the
four interaction points of the LHC[]2] accelerator. The d#&te will study interaction prod-
ucts from proton-proton collisions with a 14 TeV centrerofss energy at a design luminosity of
10**cm~2s1. The detector consists of three main sub-detector typ@selyatrackers, calorime-
ters and muon chambers, centred on the interaction poird.c&htral tracker, the Inner Detector
(ID) [B], is situated inside a 2 T central superconductingsoid magnet[4] (figurg] 1).

It consists of the silicon Pixel detector closest to the heaurrounded by the SemiConductor
Tracker (SCT) detector and the outer Transition Radiati@tKer (TRT). During the envisaged 10
years of operation the total particle fluence is expecteatofl2 x 104 1-MeV neutron equivalent
cm~? at the innermost layer of the SCT} [3], resulting in a continsidegradation of the detectors,
corresponding to an increase in device leakage currenesinfler most layer of the Pixel system
experiences an even greater particle fluence equaktb®® 1-MeV neutron equivalent cnf after
10 years of operation.

The Pixel system will provide 3 or 4 space points per trackaiichave a pseudorapidityy,
coverage up to 2.5. There are 1744 modules in the Pixel [@etémt nearly 80 million channels
in a cylinder 1.4 m long, 0.5 m in diameter centred on the awton point. The barrel part of



the pixel detector consists of the 3 cylindrical layers mafi@12 identical staves. Each stave is
composed of 13 pixel modules. In the module there are 16-&ndt(FE) chips. There are three
disks on each side of the forward regions. One disk is madeset&rs, with 6 modules in each
sector. Disk modules are identical to the barrel modulesggixfor the connecting cables. The FE
chips are a major heat source (0.8 W/cm2) dissipating mane 15 kW into the detector volume.
This heat is taken out via integrated cooling channels irdétector support elements: staves in
the barrel region and Sectors in the forward region. The desdare not in direct contact with the
cooling tube, but they are cooled indirectly by the highlgrthal conductive carbon-based support
structure which has the cooling tubes embedded infd it [5].

The SCT will provide at least four space points per track aildhave a pseudorapidityy,
coverage up to.B. To achieve this, the detector consists of one centratbavhere 2112 barrel
modules have been mounted to cover the full outer surfacésuotylinders, and one end-cap in
each forward region, where the 1976 end-cap modules haverbeented on 18 disks. The barrel
detector modules are all identical. The end-cap mod{jekd@¢ four different radial geometries,
depending on their position relative to the collision centAgain the SCT modules dissipate a
significant amount of heat, more than 25 kW, which is removiacc@oling loops mounted on to
the SCT carbon fibre support structures. The thermal cobtteteen the cooling tubes and the
modules is provided by cooling blocks soldered on the cgdiifbes and in direct contact with the
module surface.

2. Requirements

The cooling capacity of the SCT and Pixel cooling system rbessufficient to remove the heat
from the detector modules and maintain the silicon tempeeat or below—7 °C for the SCT[[7]
and 0°C for the Pixel [B] to prevent reverse annealing of the silictetectors. The thermal re-
sistances in the silicon module, between the module anddtsiting point on the cooling circuit
and the heat transfer to the fluid imply a required coolantpenaiture of—25 °C. The tempera-
ture gradient along the cooling structure has also to be a#l asipossible for ease of design and
operation.

The required cooling capacity has to be obtained while thtoing a minimal amount of extra
material into the detector volume in order to minimize thedurction of secondary particles. As
well as the material restrictions, (measured in radiatemgth), on the system, the fact that the
cooling circuit is deep within the ATLAS experiment requrine physical size of inlet and outlet
pipes and cooling system components to be as small as passibl

The entire SCT/Pixel systems will be inside a thermal enckdlushed with dry nitrogen.
The system must be thermally neutral with respect to theofdste experiment. The fluid used in
the cooling system must be non-corrosive, non-toxic, tamidhard and non-flammabile.

The total heat load that must be removed is almost 60 kW. Afediation the leakage currents
of the silicon detectors increase by more than an order ofithate and their operating bias voltage
increases by more than a factor of 3. Therefore these desitgdHecome a significant heat source
after an irradiation exposure. Due to the low mass requingsnef the detector systems the power
cables are thin and therefore there are significant voltagesdacross these. The low mass tapes
and pixel cables contribute 4% of the total heat load indigethermal shield.



An evaporative cooling system has been chosen for the SCpizelddetector. The main mo-
tivation for an evaporative cooling system over a mono-pt®stem are: the higher heat transfer
coefficient between the cooling fluid and the cooling tubes simaller temperature gradients along
long cooling channels, and the smaller size required foctming channels. The smaller size of
the system and thus lower coolant mass flows is due to therlangding capacity per unit volume
in an evaporative system due to the utilization of the lalexatt of vaporization rather than a liquids
specific heat capacity.

3. The overall system design and architecture

3.1 Basic functionality

The evaporative system’s basic functionality is similathat of a standard industrial direct expan-
sion cooling system. The fluid is delivered in liquid phaseoain temperature from the condenser
to the capillaries located immediately before the detestimrctures. The fluid expands through the
capillaries and then remains in saturation conditiondlifigialong the cooling circuit on the detec-
tor structures. A heater, located at the exhaust of eachicotthe detector structures evaporates
the residual liquid and raises the temperature of the vagbaove the cavern dew point.

The fluid in superheated vapour phase and at room tempeliatbreught back to the com-
pressor and then to the condenser.

Recuperative heat exchangers between the inlet liquidhfyvand the return fluid (cold), situ-
ated inside the dry environment of the thermal enclosuesinaplemented to increase the efficiency
of the thermodynamic cycle, by decreasing the vapour quatithe inlet of the detector structures
and hence the required flow.

The reference thermodynamic states and transformatiaihe sfystem are shown on the phase
diagram of figurd]2. Note that point D’ corresponds to thertietynamic state of the inlet liquid
before entering the ID volume: since the possible temperaticrease (if any) from the distribution
racks (point D) to the detector volume is unknown, it has Essumed, as worst case, a max design
temperature of 38C. This possible warm up of the inlet liquid could come froreffitiencies of
the cable cooling system in the narrow gaps where the evaymmesystem tubes are routed together
with the power cables for more than 20 m before reaching theolDme.

In figure[2 the benefit of the inlet liquid sub cooling produdsdthe recuperative heat ex-
changer is evident: an inlet liquid temperature-c5 °C, compared with the 21C in case of no
sub-cooling, allows almost a doubling of the fraction of &xploited phase-change enthalpy of the
fluid in the detector structures.

This allows a reduction of the required mass flow of about 5@%6¢ch has a dramatic impact
on the size of the on-detector structures and the size atdtthe main plant and on the overall
system performance.

The temperature in the detector structures is set by sdttimdpoiling pressure of the fluid.
This is done by means of dome loaded backpressure regul@BIR) located at the end of the
return tubes. The flow is set by changing the pressure of tee liquid by means of pressure
regulator (PR) located at the beginning of the inlet tubes.

Another major benefit of this solution is the possibility adping, outside the dry gas en-
vironment of the Inner Detector, both supply and returndfanlines at ambient temperature, in
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Figure 2. Phase diagram of the ATLAS Inner Detector evaporative cgaiystem.

liquid and gas phase respectively. Small mass flows and ebs#rnsulation on the transfer lines
translates into reduced space requirements along the pige tev and from the Inner Detector.
This is of paramount importance to improve the hermeticftthe ATLAS detector and its overall
performance.

3.2 Fluid choice

The fluid choice is well documented ifi [9,]10].

The saturated n-type fluorocarbon refrigerant& &, 2) offer unique characteristics for the
application in the cooling system of the ATLAS Inner Detectinese are: very good stability
against irradiation, non-flammable, non-toxic, electhycensulator.

Various types of possible fluorocarbon candidates wersstiyated (GFg, C4F10, CaFg/C4F10
mixtures). Details of some of the physical properties of passible refrigerant candidates are
given in tablg]1.

After extensive tests §Fg was chosen as the refrigerant for thée' llecause:

¢ It shows the highest heat transfer coefficients

e It has a low saturated vapour pressure at the minimum opgré&mperature of25 °C,
which is still above the atmospheric pressure (this imptiesir ingress from the environ-
ment)

e It gives lower pressure drops in the vapour phase, thus wmitpfor a reduced return tube
size, which is critical for the ID services.

1Current supplier: ASTOR — St. Petersburg; minimum fluid fyurequested: 99,96



Table 1. Physical properties at 15°C of two possible refrigerant candidates.

Refrigerant | Latent heat | Vapour volume per cmPof liquid | Vapour pressure
[J/g] [cm’] [bar]
C4F10 101.1 242.6 0.58
CsFg 97.0 714 2.46

C,Fs fluid is another possible candidate because of its much |eagration temperature
at atmospheric pressure. This property would allow to gaimenheadroom on the pressure drop
budget over the return lines, which is critical in some cagiésthe present design as it is explained
later, and potentially to run the detector at lower tempeeat

However the major drawback of purel is the much higher saturation pressure at room
temperature (about 4 times theRg saturation pressure). In case of failure of the fluid recpver
system the detector structures would be potentially expdsea pressure exceeding the design
pressure of the current on-detector structures. This isehgon why the &g is being considered
as a possible alternative only in the context of the ID upgrid].

3.3 Overall system architecture

The ID evaporative system is a distributed system congigtirthree main areas (figufg 3):

e A main plant with the compressors, condenser and main systatrol located in the USA15
service cavern of the ATLAS experiment,

e A main fluid distribution system including the pipe work fratfme main plant and the 4
distribution racks located about 150 m away on the acces®ptes around the experiment
in the main UX cavern.

An on-detector distribution system connecting the digtrdn racks to the ID detector and
consisting of 204 individual circuits.

The segmentation of the detector cooling structures ingasfindependent cooling circuits
is maintained all the way out up to the distribution racks sehbe fluid control devices of each
circuit are located: one pressure regulator and one baskmre regulator per circuit.

3.3.1 Pressure specifications

The critical requirement of the evaporative system is to e & reach and maintain a stable
operating temperature in the detector structures at thénmuax power load equal to or less than
—25°C. This temperature is specified at the exhaust of the detsttatures and corresponds to
an absolute pressure of 1.67 bar absolute.

This requirement accounts for the thermal impedance betwlee coolant and the silicon
modules and the pressure drops along the on-detector gamilamnels.

The maximum temperature gradient between the silicon nesdaihd the coolant came out
of a long design optimization process of the sensor supputtares as a trade off between the
minimal mass requirement and the operational limits of therficarbon-based evaporative cooling

system [1p].
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The pressure drop budget over the detector structure isisoissed here since it is a spe-
cific requirement of each subdetector. It is clear that thidget has to be as small as possible
to minimize the fluid temperature changes along the detattoctures. This maximum pressure
requirement at the detector structures and the minimurritgessput pressure of the compressors
at full load set the available pressure drop budget for timwareturn lines from the detector to
the compressor. This budget is 770 mbar, about 50% of whiah if3bar) is assigned as the budget
for the on-detector part of the return tubes (from the detectthe distribution racks).

A 350 mbar pressure drop budget is an important constrairthédesign of such a complex
and tortuous pipe work, including heater and heat exchangérich is also subject to severe space
and material limitations especially inside the ID volume.

Therefore, the pressure drop budget on the exhaust tubdmebasone of the key parameters
driving the segmentation of the system (max number of diciliat can be run in parallel on a
common exhaust tube).

The pressure drop budget of the inlet lines from the pressegalators to the inlet of the
capillaries is driven by the minimum pressure at the coneleard the minimum pressure before
the capillaries, which has to be always above the saturatamt to avoid vapour formation in the
inlet tubes. The pressure drop budget of the inlet tubesssdatical then for the exhaust and was
set to 1 bar.

The nominal design pressures of the evaporative coolirgitsrare given in tablf 2.



Table 2. Design pressure during normal operation at full power ingbegporative circuit (bar absolute).

Outlet  of | Outlet of | Inlet Outlet Detector Inlet of | Inlet to the
compressor | PR capillary | capillary | structures BPR compressor
(min) (saturation at

T=-25°C)
17 14-15 13 1.67 1.67 1.3 0.9

The inlet pressure to the compressor is a function of the murabcompressors working in
parallel. The nominal 0.9 bar absolute inlet pressure shbalachieved with 6 compressors in
parallel. The main plant could host up to 7 compressors whichld allow the input pressure
to the compressor to be decreased down to 0.8 bar absolugeg#ining more headroom for the
pressure drops on the exhaust tubes from the detector tastnduation racks, which are critical,
as discussed earlier.

3.3.2 Main plant and distribution racks

The evaporative cooling system circulating fluorocarb@kgGn closed loop has been designed to
guarantee a total cooling capacity of 70 kW at a target teatper on the detector structures of
—25°C and supply a global mass flow rate of 1130 g/s.

The four quadrants of ATLAS Inner Detector are fed by 4 distiion racks installed on levels
1 and 7 of both sides of the ATLAS experiment (fig{ire 4). Eack ia organized into an inlet and
an outlet region and manages 51 circuits.

In each rack the distribution of the fluid is handled by 7 hamtal sub-manifolds connected
to two main manifolds one for the inlet and one for the return.

There is one PRand one BPRfor each circuit.

Each rack’s main manifold is connected to the main manifdlthe cooling station with an
independent pipe, so there are 4 liquid lines and 4 vapoes lbmnnecting the cooling station with
the four distribution racks, allowing for an independentnimgement of each distribution rack.

In USA15 Service cavern there is an area reserved to the noailng station (shown in
figure[$ and figurg]6).

Up to a maximum of seven identical two-stage oil free comgmes work in parallel to com-
press the gas from 800 mbar absolute at the main return nicitof@7 bar absolute at their outputs.
The electrical motor is magnetically coupled to the comgwesSix of these compressors are set to
operate by an on/off valve. Only the seventh compressor bggass line allowing for fine tuning
(0—-100%) of the flow-rate.

The control algorithm sets the number of on/off compressooperation and tune the seventh
compressor in order to maintain a constant pressure at thpressor inlet manifold.

After the compression phase the gas is condensed insideeal wixter plate heat exchanger.
Water circulation inside the heat exchanger is regulateth&intain a constant condensation
pressure.

2TESCOM: model 26-2301
3TESCOM: model 44-2200
4HAUG, model QTOGX 160/80 LM
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The liquid is than collected in a storage tank and is readyetdddivered again to the main

inlet distribution manifold.



Figure 6. Evaporative system main plantin USA15. Four compressearsiaible (white housing).

The control of the main plant is based on a standard PLC.

The compressor equipped with the by-pass line together allitbther fundamental compo-
nents to run the system (including the PLC, vacuum pump ackl-bp chiller for cold water supply
to the heat exchanger) are powered by an UninterruptibleeP8Swpply (UPS) to guarantee a min-
imal operation in case of main power failure and to allow & $kfid recovery from the detector.

4. System control

Each on-detector circuit of the evaporative system has d fixpansion device, a capillary, thus
fixed impedance. Therefore the pressure in the inlet tubesfiled function of the mass flow.
This choice is driven by the need to minimizing the number aftml devices in the detector
volume given the extremely complicated access in case oftar@nce. In fact the first fluid control
devices, the pressure regulators, are located outsidethmg of the experiment, 20 meters away
from the ID.

It is critical to keep the fluid in the inlet lines up to the dégy in liquid state, therefore the
inlet fluid pressure must be always above the saturatiort,patimerwise possible vapour formation
will lead to a significant reduction of the mass flow througk tdapillary and to a significantly
reduced cooling capacity.

The key problem is due to the variable heat load of each tivchich may vary over the full
range 0%—100%. Each circuit is in particular requested &tdreed in stand-by mode with no load
on it and to be able to cope with any power rump-up and rumprdoansients.

5SCHNEIDER, model TSX-Premium
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Two opposite basic control strategies of the system werleigtesd: varied flow and constant
flow. A constant flow system was finally adopted.

With the constant flow approach each circuit is operated aitbnstant flow in on-off mode.
When a circuit is set to “on”, the corresponding pressurelleggr in the distribution rack opens
and regulates the pressure in the inlet line at a constané yvallowing the fluid in the inlet lines
to be always above the saturation point at room temperaitre.flow can however be manually
adjusted within a small range by changing the set point optiessure regulator. A heater at the
exhaust of each detector structure circuit evaporatesetidual liquid and rises the temperature
above the cavern dew point to avoid condensation outsidérhkd volume (figurgJ7).

The choice of the fixed flow system as against the varied flowoptas driven by a number
of arguments mainly related to the system integration ircth@ext of the ATLAS experiment and
to the system control strategy.

A varied flow system would have required an active coolinghefinlet liquid lines all the way
down to the inlet of the capillaries in order to keep the ifiigid temperature below the saturation
temperature over the full range of mass flow, nominally fromo @00%. This translates into the
requirement for the active system of being capable of miimig the minimum temperature of
the fluid in the inlet lines to preferably below25 °C all the way in from the distribution racks to
the detector. Given the tight space, especially around@helume and inside it, some length of
the inlet tube bundles would have required an active inguai.e. a layer of insulation with an
active heating foil around it to keep the temperature overttternal surface above the dew point.
In the fixed flow system the pressure in the inlet lines is @mistluring operation regardless the
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power load on the detector and has been chosen to be abowuletison up to a maximum design
temperature of 40C. The inlet liquid it therefore warm all the way down to thaioe of the ID
dry volume and so in principle no insulation is required. Hwger just some passive insulation
was added around the inlet tubes in order to minimize he&upiand hence the fluid temperature
increase in the detector regions crossed by the inlet tulleseanthe ambient temperature might
be significantly above the average cavern temperature.efdrerthe insulation was added just to
improve the system efficiency which, as shown later, is atfanmf the inlet temperature to the
heat exchanger.

A varied flow control system was initially studied. This wassbd on a PID control algorithm
receiving as feed-back the temperature read at the exhiaihst on-detector structures and varying
the flow as function of the heat dissipation on the detectalutes.

On the other hand a fixed flow system does not see changes gbéhatiog parameters over
most of the pipework except the area between the detectmtistes and the heater on the exhaust
tubes. The active control is on a component, the heatertddcat the exhaust of the detector
circuit, not affecting the fluid conditions in the detecttself and having a small impact on the
overall circuit, which remains in steady state conditions.

This approach was considered to be the less risky and hengteal though the varied flow
option was proven to work on a prototype of part of the systamlémented on a full scale
mockup [138].

Compared to the varied flow system, the efficiency of the fixed 8ystem is lower in stand-
by conditions when there is no load on the detector, whiclerbeless should be only a fraction
of the operation time. During operation at full load the eystefficiency becomes closer to that of
the varied flow system.

The heater power is controlled, by a PLC based PID systermydh a way as to maintain a
temperature at the exhaust always around@0the changes in power load on the detector are
compensated by changing the power supplied by the heates the total power supplied to each
cooling circuit remains constant regardless of the powad lon the detectors.

4.1 System operational modes

The system has several modes to enable safe operation ofatiteapd the detectors. These are
detailed here:

e The plant is turned on and the plant is set to stand-by. The Bucirculated internally in
USAL5 via a water cooled heat exchanger. The fluid does nai teetracks.

e The system is in the stand-by mode. The fluid is sent to thesrhakthe PRs are closed so
no fluid flows to the ID.

e The system is in run mode. The PRs and BPRs are open, the hetater system is on and
regulated by the PLC. The fluid circulates inside the ID anal<the detector.

There are two default run modes, the cold and the warm oparatodes. The cold operation is
required for the final operation of the experiment and thelpmessure is set to obtain an evapo-
ration temperature of25 °C. The warm mode is sub-detector dependent and has an etrapora
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temperature that allows safe commissioning of the subetitevhile the dry environment cannot
be guaranteed. For the SCT barrel this is 6 bar absolute’@r. 6or the SCT end-cap the evapo-
ration temperature will have to be close t6@ due to the resistances in the end-cap thermal path
from module to cooling fluid. The Pixel disks cannot run wamsrtlee structure can not withstand
high pressures and therefore blow-off valves have beendadine Pixel disk vapour return lines
to protect them.

5. The on-detector part of the system

5.1 On-detector circuitry: layout and heat loads

The detector structures of the Pixel, SCT barrel, SCT empd-eae grouped in 204 independent
cooling circuits. Each cooling circuit (figufé¢ 8) consisfsone recuperative heat exchanger, 1, 2
or 3 capillaries, on-detector cooling loops, one heateheekhaust of the detector structures and
pipe work connecting all the components to the distributiacks via one pressure and one back
pressure regulator.

2 and 3 capillaries are used on the circuits having 2 or 3 Im@sconnected in parallel on the
same inlet and return tube. Each parallel branch must begediwith an independent capillary
in order to set the correct mass flow in it.

Several temperature sensors are placed along the circoiessure the temperature at the
critical points. Some of these sensors are used as an itheasfothe power supplies in case of
temperature runaway, two of the sensors are used as fekddvabhe control system of the heater
on the exhaust tube and all the remaining sensors are ju$faismonitoring.

All the components shown in figufg 8, which include all thedcpérts of the cooling circuits,
are inside the ID volume which is kept dry during operationfloghing dry N and CQ in the
detectors volumes and in the gaps between them.

Figure[® shows the location of the heaters and heat exchamges D volume:

e The cooling circuit of the detector structures and the tapils are located inside the pixel
and SCT gas enclosure

e The heaters are all located outside the Pixel and SCT gassemeb

e The heat exchangers of the SCT are located in the gaps othsi®CT gas enclosure, while
the heat exchangers of the pixel are located inside the gasEnclosure.

The required mass flow depends on the power dissipation oéafgpdetector structure, on the
efficiency of the heat exchanger and on the vapour quality)(¥tXhe exhaust of the cooling
structures. The required mass flow is then typical for eaatuitiand it is set for each circuit by
changing the geometry (length and ID) of the capillary. Tdrgth of the capillaries is tuned to
give the right flow during the manufacturing process as tipdlaay length cannot be changed after
the detector installation.

The tuning process of the capillary length is necessary ngpemsate for the slight changes of
their diameter: given the fact that the mass flow varies withua the 4' power of the diameter,
even very small changes of the diameter could give significhanges in the mass flow.
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Figure 8. Configurations of the on-detector cooling circuits.

The aim of the length tuning process was to narrow-down tlegance range of the nominal
mass flow. This is important because the maximum flow driveshtrater design power and also
the pressure drop across the return tubes and both parametst to be minimized.

The most critical parameter to be mastered in order to dé&tertihe minimum flow is the
efficiency of the heat exchanger. The heat exchanger efficiena function of the fluid mass
flow, of the fluid speed, of the liquid fraction at the inlet d@hdlso depends on the heat exchanger
orientation. Moreover higher fluid speeds also imply highressure drops, which is not desirable.
A long test plan on prototypes has been carried out in ordeptonize the design of the heat
exchanger finding the best compromise between all the péeesrieading to the minimization of
the nominal flow. Tabl¢]3 gives the nominal heat loads and ¢imeimal mass flow for the various
circuits of the ID evaporative system.
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Table 3. The basic parameters and cooling capacity of the interregd@ative circuits.

Numbers of Nominal Subtotal Nominal
o Number of i
capillaries per circuits power load | nominal mass flow
circuit per circuit | power load | per circuit
W] [KW] [9/s]
SCT Barrel | 2 44 504 22.2 7.8
SCT EC. 3 3 64 346.5 22.2 5.7
sectors disk)
SCT EC. 2 2 8 2415 1.9 4.5
sectors disk)
Pixel Barrel | 1 56 220 12.4 4.1
Pixel Discs 1 24 110 2.7 2.1
Pixel service 1 8 290 18 41
panels
TOTAL 204 63.2

5.2 The ID evaporative test station

A test station (figur¢ 70) of the evaporative system was builest and qualify all the components
of the system (capillaries, heater, heat exchangers amigi@meior module cooling structures).
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Figure 10. The test station of the evaporative system.

The test station was able to reproduce at the inlet and ootleach test component the
same conditions of the final system and moreover it had thébiliéx to adjust the input-output
parameters over the operating range of the final system,altmging the exploration of the full
parameter space.

5.3 Capillaries
5.3.1 Capillary design issues

The mass flow of gFg through the cooling pipes of the SCT and Pixel systems of Eheub-
detector are controlled by the capillaries in the circuitichhare the circuits’ expansion devices.
The cooling system requires two identical capillaries facle SCT barrel stave, which consists of
two cooling loops connected together at the vapour sidetelis@ne capillary per cooling loop per
disk quadrant for an SCT end-cap. The typical quadrant trae ttooling loops, an outer, middle
and inner cooling loop. Due to the different number of modwer loop (outer = 52; middle =
40; inner = 40) the heat load per loop differs and therefordaas the required coolant mass flow.
For simplicity two capillaries were chosen; one for the auplloops for the inner and middle
modules and one for the outer cooling loop with a higher mase flThe low mass power tapes
for the end-cap were also actively cooled with four cagiiamper quadrant supplied by the unused
capillaries from disks 7, 8 and 9. The Pixel sub-detectorthagsequirement for four mass flows,
two for the Pixel barrels and two for the Pixel disks and gpéokages, two types of capillary were
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required for each Pixel sub-detector as a consequence pha tbat reduced the inner diameter
and thermal performance of a sub-set of detector coolingtsires. There were therefore four
unique capillaries for the Pixel system. In total 7 diffdreapillaries were used.

The mass flow through a capillary increases with capillanemdiameter, and falls with the
capillary length. The flow also increases with pressure dnggr the capillary and falls with in-
creasing liquid temperature before the capillary. The egependence of mass flow upon these
guantities in case of a 2-phase flow is very difficult to cadtel given also the fact that the flow
is sensitive to the exact physical nature of the capillari€eerefore an empirical approach has
been followed to precisely characterize the capillarigse ID cooling system fixes the liquid drive
pressure at the rack via a pressure regulator and fixes tlreivppessure at the rack using a back
pressure regulator. Therefore the pressure drop over thlacga is fixed externally. As the pres-
sure drop along the capillary is not linear with capillarpdéh, measurements of mass flow were
performed over a range of capillary lengths which coveredehexpected to be used in the final
experiment. The limits on the capillary length were defingdhe geometry of the sub-detector
with the requirement that the capillary is sufficiently lofmyreach the cooling loop for the inlet
line of the heat exchanger but not too long to be a problenoie shside the thermal enclosure.

The capillaries used for both the pixel and the SCT deteeters all annealed copper nickel
(Cu/Ni30Mn1Fe) extruded tubes with a wall thickness of Or.m

Characterisation measurements were performed using ftiaretht inner diameters, which
were nominally 0.65, 0.75, 0.9 and 1 mm. The inner diameter®wneasured very accurately by
means of a liquid filling method.

The mass flow as a function of length, inlet fluid temperaturd pressure drop over the
capillary were measured forsEg around the final experimental operational point for eaclileayp
inner diameter. From these measurements the required girmdwcapillary diameter and length
were determined once the efficiency of the recuperative éadtanger was known.

5.3.2 Characterization of the capillaries

The measurement of the flow through the capillary utilizesl @gFg compressor condenser evap-
orative test station described above. Th&£liquid under high pressure from the test station was
split into two streams each with an independent pressurdaiey with a delivered maximum pres-
sure of 16 bar absolute. The first went via a liquid Coriolfeefbased mass flow meter through
a heat exchanger to a manifold; to which the capillaries utelst were attached. This enabled
the mass flow through a given capillary to be measured. Thendgestream went via a capillary
to the cooling circuit of a heat exchanger on the liquid lireddbe the capillary under test, which
was used to control the temperature of the liquid beforedbedapillaries. To test the capillaries
at an elevated liquid temperature (up to°4%) a kapton heater was attached to the liquid inlet pipe
between the heat exchanger and the capillaries under thstliquid’s temperature and pressure
were monitored just before the test capillaries and immeljiafter them.

Capillaries with four different nominal ID values were &t 0.65, 0.75, 0.9 and 1 mm.
Capillaries of length 1.5, 2, 2.5, 3, 4, 5, and 6 m were cut mhelD value. A given capillary
was switched into the circuit and measured independenthe t€mperature and pressure of the
coolant liquid before the capillary was set and the mass ftwauigh and the pressure drop across
the capillary was measured once stable flow conditions wetiered. The capillaries were tested
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Table 4. Test matrix of capillaries.

Lengths [m] 15,2,25,3,4,5,6
Nominal ID [mm] 0.65, 0.75, 0.9, 1.00
Input Pressure [bar abs] 10to 16

Pressure Drop [bar] 8.25t0 14.25

Liquid Temperature[C] —151t0 40

under a range of pressure drops, defined by the input pregstine evaporation pressure was fixed,
and input liquid temperature. Talle 4 gives the detailetinegrix of the capillaries.

From the measurements of mass flow, the mass flow was ploteduastion of each of the
variables and fitted with a polynomial so that the resultddtwe used as a predictive tool for the
required capillary inner diameter when the boundary camust of a reasonable capillary length,
a fixed input liquid pressure (fixed at 13 bar absolute to ra@inthe liquid above the saturation
temperature at all times), a measured liquid temperatuleaarequired mass flow from the heat
exchanger measurements were known. Figufe 11 illustragepressure drop over the capillary
as function of the mass flow ofs€g through it, for capillaries with ID of 0.65 mm for 5 different
capillary lengths and with a liquid temperature before thpiltaries of 20°C. As expected the
mass flow is a linear function of pressure drop. As can be deemgitadient of mass flow as a
function of pressure drop changes by about 40% with capilergth over the measured values.

Figure[12 shows the mass flow through a capillary as a functfarapillary length, for the
four capillary IDs tested; a liquid temperature before thpiltary of —10°C and a pressure before
the capillary of 13 bar absolute, which corresponds to aspiresdrop of 11.25 bar were used.

Figure[13 shows the mass flow through the capillary, as aitmof capillary inner diameter,
ID, for capillaries of lengths between 1.5 m and 4 m, with ailistemperature before the capillary
of —10°C and pressure drop of 11.25 bar.

Finally the mass flow as a function of liquid temperature befihe capillary is illustrated in
figure[14 for a capillary of ID of 0.65 mm, length of 2 m, and ewagiion pressure of 1.75 bar
absolute for 4 input pressures. The change in mass flow ogarapillary, for a change in liquid
temperature before the capillary fromil5 °C to 20°C, for an input pressure of 13 bar absolute,
was 0.42 g/s or 24%. As can be seen in fidule 14, for the dataumeshwith an input pressure of
14.5 bar absolute, for temperatures abové@Q@he mass flow is less than that predicted from the
simple linear fit.

There is no reason to assume a priori that the behaviour wiinear and the fits, performed
on the limited data set, are valid only over a small changenmperature. For example, with an
input liquid pressure of 14.5 bar absolute, which corredpdp a saturation temperature of 45,
and an input liquid temperature of 4Q the mass flow is overestimated from the simple linear fit
to the data obtained betweerl5 °C to 20°C by 0.33 g/s or 33%. The fall in the mass flow as
a function of increasing input liquid temperature impliéettthe temperature of the fluid before
the capillary had to be maintained at a relatively constahdes This was achieved with the use
of the recuperative heat exchanger in the circuit and theipoing of the capillary after the heat
exchanger rather than inside it.
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5.3.3 Capillary choice and tuning
From the fits to the plots of figufe]11 to figyrg 14, and similatglthe dimensions of the required
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capillaries for the evaporative cooling system were ptedic The pressure of the liquid before
the capillaries was know and fixed at 13 bar absolute, whieettaporation pressure was fixed
at 1.75 bar absolute, which corresponded to a nominal preesisap over the capillaries of 11.25
bar. The temperature of the liquid before the capillaries mat known at the time of the order of
the capillary, as the full tests of the recuperative heahargers had not been performed, but was
estimated to be-10°C based on previous experience.

Even a small change in ID of +/-20m, which is a typical tolerance range of the manufac-
turers, produces a change in the mass flow of the order of +/-Bérefore, in order to reduce
as much as possible the expected mass flow variations due toahufacturing tolerances of the
capillaries, it was decided to individually tune all of them

From the experimental data an estimation of the variatighérrequired length of the capillary
to compensate for a change in the capillary ID was made. Agghamlength of +/-15% of a typical
capillary produces a change in mass flow of the order of +/{f4s compensating the expected
change in ID of +/-2Qum. The nominal capillary length was then chosen to be suffic¢ the
maximum expected negative length compensation. Once chtteenominal length, the ID of the
capillaries was finally determined. Taljle 5 lists the noraagillary parameters: mass flow and
corresponding length and ID.

A production station was set-up to perform the tuning oftadl €apillaries. The station mea-
sured the mass flow of €16 in mono-phase conditions through a capillary for a givenutnpes-
sure and temperature which was compared to that given byeeerefe capillary. The capillary
length was then cut to increase the flow as required until tveftas equal to the reference capil-
lary with an accuracy of +0% / -2%.
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Table 5. The capillary nominal design parameters.

CIRCUIT MASS FLOW (g/s) | ID (mm) | Length (mm)
Barrel SCT 3.9 0.75 500

EC SCT (inner and mid sector) | 1.6 0.75 2500

EC SCT (outer sector) 2.1 0.68 2500

Pixel barrel and opto-boards 4.1 0.8 1200(*)
Pixel discs 2.1 0.55 1250

(*) 1100 mm for the circuits having one stave with increasgestinal impedance (“inserted” stave).

A different approach was used for the pixel capillaries duthe limited time and resources.
A simulation model[[T4] of the capillary flow was used to ptdhe initial geometry and speedup
the process. As for the SCT capillaries, the test stationgurd[1D was then used for the final
capillary length adjustment and to produce the referenplagy. All needed capillaries were then
produced by trimming them against the reference capifiaaiethe test station using the nitrogen
flow analogy.

5.4 Heat exchangers
5.4.1 Heat exchanger design

The design of the heat exchanger (HEX) was sub-detectondepgé while the detailed design of
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Figure 15. Schematic of the SCT barrel HEX showing the two inlet pipessia the vapour return tube.

the HEX varied depending on the detailed routing requiredtfe HEX; typically each HEX in a
given quadrant is unique. All are simple and low mass in aesithe HEXs were counter flow
devices using the returning fluid from the detector coolimgcure to cool the incoming liquid.

The SCT HEXs are constructed from thin walled Cu and CuNigivéh CuNi connectors,
while the Pixel HEXs are made in aluminium.

At the start of the HEX the inlet pipe incorporated a screderfilo prevent the passage of
small items into the capillaries, which could cause a blgekd he screen consisted of 264 0.5 mm
diameter holes. The screen is not accessible after installand therefore prior to installation the
removal of particulates from the off-detector system wasopmed.

After the screen the inlet pipe entered the HEX, for the ha&tEeX this was via a peek based
electrical break to electrically isolate the detectordintes from the rest of the ATLAS experiment.

The capillary, or capillaries, were connected to the inle¢ lafter the HEX, the other end
of which was connected to the sub-detector’s cooling drctihe return fluid from the detector
cooling circuit passed via a manifold and some length of pipek to the vapour side of the HEX.
For the barrel HEX the peek based electrical isolation orvéipeur side was mounted in the fluid
connector between the HEX and the vapour return heater. HeoSCT end-cap HEX the peek
based electrical isolation was mounted on the detectordfittee HEX for both inlet and vapour
return lines.

Schematics of the SCT barrel, SCT end-cap and Pixel HEXshaversin figure[1p to fig-
ure[Iy. The Pixel design differed from those of the SCT in thatinlet liquid pipe was simply
glued to the outside of the return vapour line, while for t&TSHEXSs the inlet pipe was placed
inside the vapour line.

Due to space constraints the length of the end-cap HEX (3#@s)significantly shorter than
the barrel HEX (150 cm) and therefore the inlet pipe had todiked inside the end-cap HEX to
increase its contact surface area with the return fluid ireotol obtain sufficient efficiency.

The Pixel design was possible as the HEX length was suffi¢iebtm) to give the required
heat transfer efficiency. The increased efficiency of the éms@d inlet pipe had the negative con-
sequence of increasing the pressure drop on the vapoun fl@tardue to the reduced free cross-
sectional area of the return pipe. The external diametdreo¥apour return pipe being limited due
to space limitations inside the tracker, the barrel HEX haéxernal vapour return pipe diameter
of 15 mm while the end-cap was only 14.4 mm.
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Figure 17. Schematic of the Pixel HEX, showing the liquid inlet pipe gduto the outside of the vapour
return tube.

5.4.2 Heat exchanger tests

The efficiency of the HEXpj, can be defined according to equati¢n](5.1),

_To—T
S To-T

n (5.2)
where Ty is the inlet liquid temperature, conservatively assumeoet@5°C, T; is the sub-cooled
liquid temperature after the HEX, and 16 the evaporation temperature in the structures, designed
to equal—25 °C. The higher the efficiency of the HEX the lower the input tengpure to the
capillary, the lower the input vapour quality to the detedttuctures, and therefore the higher the
cooling capacity of the system for a given mass flow.

The details of the design of each sub-detector cooling systere prototyped outside of the
ATLAS experiment on a complete cooling circuit per sub-dete with the ID evaporative test
station. The system was shown to be able to remove the deésdutat load for an inlet liquid with
a temperature as high as 36, a conservative upper limit, for a mass flow that was miniasal
given in table V, with an expected pressure drop close to lmwbthe maximum permissible on
both the liquid (1000 mbar) and vapour (350 mbar) lines. Tstesn was shown to be stable for a
long duration of operation at the nominal conditions, witfea@un performed continuously for 90
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hours. The system was shown to be able to function correttigsponse to sudden changes in the
power load of the detector from zero to full power. The deteppbwer was switched from 0% to
100% of nominal power as fast as possible by flicking the maitch to the bench power supplies
supplying the heat load to the circuit. This is expected t@bdast as or faster than the power
transients in the final system. The system returned to &tabfter approximately 20 minutes to
such a change in power, where stability was defined as cdrestdnoperable temperatures in the
system. The cooling loop was run at 100% for over 2 hours tavghat the system was stable,
after which the power was switch back to 0%. This cycle wasatgd several times to demonstrate
repeatability. If the system operated correctly stabiitgs always achieved after each switch in
detector power.

The SCT end-cap HEX is positioned in the experiment at a stdpts degrees above and
below the horizontal, with the HEXs in the upper quadranthefend-cap having their vapour inlets
from the detector at their lowest point, that is they poinwapls; while the HEXs serving the lower
2 quadrants have their vapour inlets at their highest ptiimtas observed that the efficiency of the
end-cap HEX was dependent upon this orientation. The HEXtspthint upwards demonstrated
the highest cooling efficiency (approximately 85% with théet liquid sub-cooled to-13 °C)
for nominal operating conditions compared to the downwaiehtation (only 70% efficiency and
an inlet liquid cooled to-6 °C). However the measured mass flow was only marginally a&ftect
increasing by only 1.5%. The SCT barrel HEX has a similar getoical layout in the experiment
except that there is always a long horizontal section to tBX lds well as a radial component. For
this reason no measurable difference in performance was\@asas a function of orientation for
the barrel HEX. The Pixel HEX is installed, and thereforeyaekted, in the horizontal plane.

The mass flow increased for reduced inlet liquid temperaiucketector power load, due to an
increase in the efficiency of the HEX, which results from auctbn in the lower vapour quality
at the inlet of the HEX. The mass flow increase was shown to peoajmately 7% for the barrel
system and by 9% for the End-cap system when the detectorrpoaseturned off and the inlet
temperature was reduced to ZD.

The increased efficiency of the system associated with therlnlet liquid temperature im-
plies that a system is stable for higher detector power loadisthe SCT barrel the cooling system
is stable with a detector power load equal to 140% of the nah&ii4 W, which is 716 W. For the
SCT End-cap the system is stable with 120% of the nominal pdhat is 416 W.

A reduction in the mass flow for nominal detector power is gadssf the incoming liquid is
below 35°C. This is achieved by reducing the pressure of the liquid fee, while ensuring it
remains above saturation conditions. It was shown thatrfamlat liquid temperature of 20C and
a reduced feed pressure of 11 bar absolute, well above thi@sah pressure of 7.6 bar absolute
at 20°C, the mass flow fell by 10% for the end-cap HEX, while the efficiy only fell by 1%
and the vapour gquality of the fluid into the HEX increased fro/6 to 0.72. The pressure drops
over the liquid and vapour side of the HEX system were alsaced with reduced mass flow, as
expected, because the effect of increased vapour qualite atetector output was outweighed by
the reduction in mass flow.

Several quadrants (Disk 1) of the end-cap only have two rgdbops, (serving middle and
outer modules), and therefore the HEX was studied with tvpillegies and the full power reduced
accordingly to 241.5 W. The HEX was found not to be stable waitiass flow reduced in proportion
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Figure 18. The SCT Endcap HEXs as installed in the inner detector.

to the power load; that is 3.98 g/s rather than 5.7 g/s. Thémoim mass flow that allowed stable
operation was 4.4 g/s, which corresponds to that obtaireed fwo larger (0.75 mm) ID capillaries
instead of a large and small ID capillary. The pressure drkaw the middle on-disk cooling loop
will increase due to the 24% increase in mass flow throughldbis, while the mass flow through
the outer cooling loop remains the same. This increase sspre drop over the middle cooling
loop will be negated by the lower pressure drops over theleféctor system as the total mass flow
has fallen. Therefore the HEXs that served just two cooloup$ use two larger ID capillaries.

As, typically, each inlet line feeds more than one capillé®yfor the SCT barrel and 2 or 3 for
the SCT end-cap), the system must also be robust to blockagas capillary which would reduce
the flow through the HEX and therefore reduce the efficiendhetheat exchanger. It was shown
that for the SCT end-cap that the efficiency fell such thaafBfEX with two operational capillaries
(outer and middle loops) the power that could be removedaiblstoperation was only 90% of the
nominal power of the two cooling loops. Increasing the inmassure to 14 bar absolute enabled
the HEX to regain the lost efficiency and remove the full poofetwo loops. For the SCT barrel
the power that could be removed fell to only 88% for the nornpmaver of one cooling loop, due
to the reduced efficiency of the HEX. In this condition the mapquality at the entrance to the
HEX was the same for the two loop operation.

Figure[18 shows a photograph of the SCT Endcap HEXs as wdtall the inner detector.
The HEXSs, grouped into two bundles, one of 4 and one of 5, semesquarter of the total cooling
circuits of a given Endcap; in this case the circuits in thiedoo left quarter of each disk, as viewed
looking out from the interaction point.
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Figure 19. SCT barrel heater assembly drawing.

5.5 Heaters
5.5.1 Heater design

In order to minimize the space occupancy and to maximizefftaemcy, the selected design of the
heater at the exhaust of the detector structures consistxoifed heating element placed inside
a section of the return tubdfigure [Ip). The heating element is in contact with the tubéswa
The heating length of the heating element, the diametempitch and inner diameter of the coil
have been selected in order not to exceed a maximum tempedtthe heating element during
operation of 100C (to have a sufficient safety margin against the decompasiti the fluid which
starts to be significant at temperatures above°Z)dand at the same time keep the pressure drops
across the heater within a budget of 50 mbar. The final desiganpeters of the heaters are given
in table[p. This type of heater is very efficient since the ingaglement is in direct contact with the
fluid. This is demonstrated by the fact that for the circuithathe largest power, a heated length
of the return tube of about 500 mm is enough to boil all theitiguhen there is no power on the
modules and to raise the temperature of the fluid at the ekbaus 20°C with a max temperature
of the heating element of less than &D.

The position of the heating element, internal to the tuls® alinimizes the outer tube temper-
ature, which, in the worst case, does not exceed 40 °C, teaswihimizing the required thickness
of the insulation on the tube itself, which can be as small asrb

The heating element consists of a heating wire which runsgatbe axis of an outer metallic
clad providing the required mechanical strength. The hgatiire is fully embedded into a com-
pressed electrical insulating powder (Magnesium oxiddje feating wire is made of a hot part
and a cold part.

5THERMOCOAX custom design
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Table 6. Heater design parameters.
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Circuit e 7L L
w mm mm [cm | mm| mm|mm|mm? | W/cm?
SCT Barrel 504 | 960 |14/16 |2  |331|397|4.6 |10 | 208 |4.55
SCTEC 3465 |650 |11/13 |1.15|363|390|3.3 |8.7 |131 |4.81
Pixel Barrelloptoy 5 | 400 (1213 |1 |373|390]33 |9 |117 |3.98
board
Pixel Discs 110 | 260 |11/13 |1.15 |402|390|3.0 |8.7 | 145 |1.77

(1) External area of the heating wire over the hot length.
(2) Heater design power / heat transfer area.

The hot part is made of Constantan or Ni 80/20 and it is locatedpletely inside the return
tube. The cold part is made of copper and is located at both ehthe heating wire, where the
heating element penetrates the tube wall and connects ibl@gower cables through ceramic
insulated special connectors. In the original design tleetdtal insulation was obtained using
radiation hard epoxy resin, this solution was cheaper lilihdt survive long lifetime tests.

The penetrations of the tube are both located at the same platt so the internal heating
element makes a double coil with a 28Qrn at the far end.

The temperature feedback for the heater control systenoisdad by 2 thermocouples (one
spare) located on the exhaust tube a few centimetres awaythe heater end. Two thermocou-
ples (one spare) are also fixed on the heater tube outer surfélce area reaching the maximum
temperature; these thermocouples are connected to thlaktsystem of the heater control. The
thermocouples are all of type E (Nickel-Chromium/Consdahnt

5.5.2 Heater powering system and control

In order to minimize the injection of noise to the ID from theaters during operation, DC power
supplies have been employed.

From the point of view of the power supply cables it was praiés to use a high voltage as
this minimizes size, occupancy and cost. Combining thesstrints with safety requirements the
heater system is powered with 0 V and 10 V voltages referenced to the overall ground.

This configuration of the supply voltage is still below thé22limit that defines the system as
Functional Extra Low Voltage. Therefore standard precausthave been taken in order to provide
the protection against direct contact. The protectionllef/éhe front side of the rack is IP30, the
rear side of the rack with the distribution bars is securedioynded grills and doors, and finally,
all connectors are LEMO type with protection level IP50.

The maximum power requested by the heaters used by the at@parooling system is in the
range of 126 kW. In addition to that, system must deliver toioial short circuit current$=100
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A) in case of faults, and must be capable to work in case ofesifagiure in one of the rectifiers.
Finally, the Distributed Power Supply (DPS) system is splib four racks, each one consists of
thirty 1.5 kW rectifiers, capable to deliver up to 160 kW ofwadant power to the heaters (typical
efficiency of the converters is in the range of 91%). In ordeminimize the length of the power
cables, the DPS supply system is distributed on both siddseaéxperimental cavern. As can be
seen in figurﬂo, half of the racks with the rectifiers aretletan the USA15 and half in the
US15 caverns. The location of the four, 64-channel PrograbtenLogic Controllers (PLC) used
for controlling of the 204 heater elements is the USA15 sercavern.

For each heater (exhaust tube) there are two temperatuserseone for the control function
and a second for safety, to protect against over temperattine heating element. The temperature
signal is read out by an industrial PLC providing control dfi®S transistor switch turning ON
and OFF the current supplied to the heater. The use of the MEDSistor as a switch device has
been determined by the possibility of precise control ofishr current magnitude, and reduction
of high frequency noise associated with high voltage andeatitransitions, since dv/dt and di/dt
transitions are accurately controlléd.he driving circuit provides extension of the transitioméis
up to about 3 ms, effectively limiting the frequencies of thdiated noise to values far away from
the bandwidths of the sensitive front end electronics oXFieAS detectors.

The safety sensor is read out by the interlock system whiokighes an interlock signal for
each MOS switch.

The basic control loop and location of various componentsttie heaters of one cooling
circuit are shown in figurf 20.

Since the US15 cavern is not accessible during operatiomeoéxperiment, each DPS power
supply rack can be remotely switched ON or OFF by a PLC cdetrlaicated in the USA15 service
cavern.

This feature is also used for the supplementary safetylaader when the PLC receives fa-
tal alarms from the monitoring (DCS; Detector Control Syst®r safety (DSS; Detector Safety
System) systems. The integrated values of the currentadetivto the heaters, the temperatures
of the safety sensors as well as status of the interlocks andus alarms issued by the system
components, are delivered to the ATLAS DCS system.

5.5.3 Heater system qualification

The qualification of the design of the heaters and of theirgrowg and control system was per-
formed on several prototypes tested in the ID evaporatstestation.

The qualification procedure involved the measurement opthssure drops across the heater,
the maximum temperature of the heating element and thetigaéisn of the stability of the control
system against the various power loads and the worst caseeini scenarios.

The tests led to the optimization of the position of the terapee sensor for the control
allowing the measurement of the correct average temperafuhe fluid at the heater exhaust and
at the same time giving a sufficiently small response to @nastable operation (minimizing the
temperature fluctuations). It was found that for the heatéthe SCT the control sensors could

C.S. Mitter, Motorola SEMICONDUCTOR APPLICATION NOTE AN#2/D
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Figure 20. Schematic diagram of the heater powering and control system

be placed on the outer wall of the exhaust tube, while for tlxelPeaters the sensors had to be
immerged into the fluid stream to allow sufficient controlbgigy.

The tests also led to the optimization of the position of #mpgerature sensor for the interlock
system. In this case the location of the sensors on the haattmr surface at the end of the heating
element coil was found to give a sufficiently fast responsetto allow safe power interlocking
with acceptable maximum temperatures of the fluid.

A typical heater transient from 0 to 100% power on the detegthich was tested during the
qualification, is shown in figurg 1.

The PLC control aims to keep the temperature measured freraditrol temperature sensor
to be equal to a set-point temperature defined in the cortfolare. In figurg 21 the set-point
is observed to change as the requested duty cycle suddéislyide to the detector power load
increasing from 0% to 100% of the nominal SCT barrel detemboting loop power load. The PLC
samples the temperatures of the heater at a rate of kHz afwimperaverages on the data to reduce
the effective sampling rate to 100 s of Hz. The PLC acts uperirtformation at a rate of 2 Hz.

6. Pressure drops in the cooling system

6.1 Off-detector system

The pressure drops in the test system were measured for dhédiral items; heat exchanger,
heater, on-detector cooling loops and for sections of pipekwior these the total pressure drops
in the cooling systems were estimated. As discussed abeveaftour pressure drop budget was
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Figure 21. Test of barrel SCT heater: transient from 0 to 100% power erdéttector. The heater duty
cycle changes from approximately 80% to 7% of the maximumeyowhe temperature change is smooth
and the control is stable. The temperature of the exhaustisubithin the specified range.

limited to 350 mbar for the return, measured from the end efctboling loop to the back pressure
regulator on the cooling racks within the ATLAS cavern. Thegsure drop budget for the liquid
inlet from the pressure regulator on the cooling racks toinpet of the capillary after the heat
exchanger was 1 bar. The pressure drops over the long, astnaistht, sections of the liquid inlet
and vapour return pipe work between the distribution racic the inner detector volume were
estimated from a limited number of measurements and thendepee given in equatiop (p.1) was
assumed for both the liquid and vapour phase:

AP = APrgr x (IDger/1D)* x (L/Lger) x (M/Mger)? (6.1)

whereAP is the pressure drop the pipe inner diametel, the pipe length, anth the mass flow
through the pipe. All variables followed kg refer to the reference measurements used to obtain
the pressure drop of the pipe in question.

The total pressure drop budget was split among the indiVitieias, however in some cases
hereafter discussed it was not possible to meet the spdidifisgfor some of the components due
to the space limitations.

The inlet budget is met by all the sub-systems except for &€& &nd-cap that has a large
pressure drop in the coiled liquid inlet line of the HEX, wiiis 1000 mbar of the estimated total
1125 mbar pressure drop. Conversely for the Pixel sub+syste inlet pressure drop is dominated
by the off-detector pipe work between the cooling racks dmedHEX, making up~70% of the
total pressure drop.
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The outlet pressure drop is within specification for the ead-and Pixel sub-systems, both of
which are estimated to be 320 mbar. The end-cap is approalyndivided equally 1/3 between
the on-cylinder pipe work (which is a worse case estimale) hieater and HEX systems, and the
pipe work from the end of the heater to the rack, while the IRiyb-system is dominated (2/3 of
total) by the pressure drop in the pipe work between the tietaad the HEX. The SCT barrel sub-
system has an estimated pressure drop of 527 mbar, whicleic@ss of the budget of 350 mbar.
This is dominated by the pressure drops of the fluid in the HEX the heater, which are both
approximately 160 mbar. There is also a 90 mbar pressureinlthp barrel sub-system measured
between the end of the connector on the cooling manifold hedHEX. The pressure drops over
the rest of the barrel off-detector system have been redagenuch as possible with the use of the
largest ID pipes that fit into the system.

6.2 On-detector loops

The pressure drops over the on-detector cooling systeavestor cooling loops were measured
for a range of @GFg mass flows (controlled by the input pressure of the fluid etbe capillary),
liquid temperature before the HEX and detector power lodd®e pressure drops over the SCT
end-cap on-disk pipe work and manifolds were measure to Berfar for the outer cooling loop
and 180 mbar for the middle cooling loop for nominal opemtionditions. For the worse case,
the outer cooling loop, the pressure drop of 330 mbar imlissximum evaporation pressure of
2 bar absolute, which corresponds to an evaporation terupera the structure o020 °C. For
a reduced power of 7.5 W per module, the pressure drop fail8%ambar, which corresponds to
a maximum evaporation temperature-a21 °C. The pressure drop across the SCT barrel cooling
loop, including; the barrel 6 manifold with an outlet at 45gdees to the plane of the manifold,
and the connector with a 90 degree bend to connect the maifdhe HEX, is even worse than
for the end-cap. The worse case pressure drop, measured anl&®, occurs for the nominal
operating conditions, (a power of 504 W, 36 inlet liquid temperature and a mass flow of 7.8
g/s). This corresponds to a maximum evaporation temperanarease due to the on-detector
cooling structures of 10C. This again is an upper limit as extra pipe connections wegea in
the measurement which increases the pressure drop overstialed cooling loop. However the
pressure drop is split over the cooling loop and the maniéwid connector; which were deduced
from the temperature profile over the on-detector coolingcstire, to consist of 540 mbar over the
loop (corresponding to a temperature difference from orteadrihe cooling loop to the other of
approximately 6C) and 280 mbar over the manifold and connector. As the detpoiver or the
inlet liquid temperature to the HEX is reduced the pressunp dcross the HEX is reduced due to a
fall in the vapour quality before the cooling structure. Santy, for a given vapour quality, reducing
the mass flow leads to a reduction in the pressure drop oveortfdetector cooling structure.
Figure[2P and figurg 3 show the same pressure drop data redaseer the cooling loop and
the manifold plus connector as a function of either the detqmwer or the vapour quality at the
outlet of the cooling loop respectively; measured for nahliguid input parameters and standard
capillaries.

The change in outlet vapour quality was obtained by chantfiegletector power only, while
the fluids external conditions were maintained. As can been ¢he pressure drop increases with
detector power as more of the fluid in the cooling loop is lahikrhich is shown as an increase
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Figure 22. Pressure drop measured over the SCT barrel on-detectotwsts as a function of detector
power, measured at nominal fluid pressures and input ligumgerature. The lines are just to guide the eye.

in vapour quality in figurg 23. It is possible to reduce theawapquality by reducing the inlet
liquid temperature before the HEX. At nominal detector poasd fluid pressures a reduction in
the input liquid temperature to 2@ results in a reduction in the inlet vapour quality to thelowp
loop from 0.38 to 0.15, with a corresponding fall in outlepwar quality from 0.98 to 0.78.

The pressure drop over the on-detector structures falla 820 mbar to 650 mbar which
corresponds to an evaporation temperature increase doe tmidetector structures of 76.

Therefore, assuming realistically an inlet temperaturthatheat exchanger of 2@, in the
case of the SCT barrel the space limitations outside theteteolume lead to a maximum evap-
oration temperature of 22 °C instead of the-25 °C design target at the exhaust manifold and a
maximum evaporation temperature in the barrel 6 on-datéotp of —15.5°C, due to the addi-
tional 7.5°C worst case increase along the on-detector loop due to tiraagey of the detector.

7. System commissioning

The SCT barrel HEX system was tested in the ATLAS ID to measiueesystem performance
before final installation. One quadrant of 5 complete SCTdbam-detector cooling loops was
installed with production capillaries and HEXs. The datedbad was simulated by vapour return
heaters, controlled by a modified PLC code to allow the powdretset directly. The mechanical
interface to the thermal enclosure bulkhead of the barrslmadelled accurately to enable a test
of the installation procedure. The system was tested fdr a@rm (evaporation temperature of
+13°C and pressure of 4.8 bar absolute) and cold (evaporatiopeterture of-18°C and pressure
of 1.9 bar absolute) operation. Due to a problem with the BBIRse rectified, a lower evaporation
temperature was not possible. The inlet liquid temperatorgne HEX was not controlled and
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Figure 23. Pressure drop measured over the SCT barrel on-detectotwses as a function of vapour
quality at the outlet of the cooling loop, measured at nohfloal characteristics. The lines are just to guide
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was approximately 17C, as the external heat load from the system was low becags&TibAS
experiment was off.

Further commissioning tests were preformed on all the ladpghe SCT and Pixel evapora-
tive system with the use of a screen and copper capillaryndsge with the capillaries sized to
supply the correct mass flow with an inlet liquid temperatof@2 °C. The assembly connected
the inlet directly to the return vapour heaters. These trsibled the performance of the compres-
sor/condenser station, the racks, the heater system amaBecooling project to be fully tested
for all the cooling loops.

7.1 Barrel commissioning measurements

The system was shown to be able to cool the full detector 1684 (V) for both cold and warm
operation, with a liquid inlet temperature of 1€. The closed packed arrangement was shown not
to introduce any adverse crosstalk effects onto the operafi the HEXs. The heater’s requested
power was however, affected by a change in the operatioai@ st its neighbours, but this was not
a serious operational problem. The control set-point ohteters was found to be dependent upon
the evaporation temperature of the fluid. The PLC code wasfraddo take this into account so
that it switches automatically between two set-points ddp® upon the BPR set-point. The final
DCS monitoring of the system was shown to work correctly.

The response time from turning on a cooling loop was fast Withfluid cooling the off-
detector structures in less than 5 minutes, while the heataied stable operation in 15 minutes.

For full detector power and cold operation the average HEXiehcy was 89% with a sub-
cooled liquid temperature after the HEX/before the capillaf —12 °C compared to 90% and
—17 °C from the laboratory tests measured with a liquid inlet terafure of 20°C. These are in
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Figure 24. An example of the system temperatures during detector ploadrcycling for the ATLAS tests
of the SCT barrel cooling loops.

reasonable agreement when differences in inlet temperaduaporation temperature and system
insulation are taken into account. As expected, the higbhbrceoled inlet liquid temperature
reduced the mass flow slightly from that measured in the &boy. The heater’s duty cycle was
approximately 20% for full power and increased to 90% whendbtector load was turned off.
The duty cycle is high, as expected, for this condition, Witepresents the maximum mass flow
expected in the system.

An extra DCS system was installed during these tests for tinggge of monitoring the pres-
sure drops over the system. The pressure drop from the vapetof the HEX to the BPR on the
rack was measured and shown, for full detector power in cp&tation, to be in the range 250 to
380 mbar, which is consistent with the extrapolations fromlaboratory tests.

The system was shown to be stable to sudden power cyclingeafigtector load from 0 to
100% of nominal power. Figurg]24 shows the vapour tempexdtefore the HEX, which cor-
responds to the evaporation temperature in the detectdr |®&is increases marginally during
powered periods due to the extra pressure drop in the sytempple is due to the switched na-
ture of the dummy load power supply. The drop in efficiencyhef HEX for the detector-on state
is observed in the rise in the sub-cooling inlet liquid tenapere, also shown on figufe]24.

The system was shown to be robust to a sudden turn off of themsors of the cooling
plant due to a failure. During this failure mode the PLC ctodee PRs and BPRs on the rack and
flow ceases. The fluid redistributes itself in the system tiweto saturation conditions through-
out, which corresponds to 7 bar absolute atC8 as illustrated in figurg P5. The return vapour
heater control system regulates downwards the requesteer go that the vapour temperature is
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Figure 25. Pressures inside the cooling system as a function of tinee aftompressor failure.

never excessive, until the heater power requested is eulystaw, at which point the PLC turns
the heater off.

8. Conclusions

The fundamental design of the ID evaporative cooling, basea standard industrial direct expan-
sion cooling system, is finished. The system is designed &slsmple and robust as possible to
minimise maintenance while being as low mass as possibéltece material in the tracker volume
and in front of the calorimeters. All of the components of slggtem have been prototyped, tested
on an evaporative system in the laboratory with a subsetdeastthe ATLAS ID. As far as possi-
ble, they have been shown to work for the full range of opegationditions expected during the
lifetime of the ATLAS experiment. Some of the pressure dropsst notably in the vapour lines of
the SCT barrel, are higher than the design requirementsodibe fimited space and the geometri-
cal constraints. However, this will not affect the opematad the tracker until significant radiation
damage has occurred after several years of operation. thi#éerpossible system upgrades might
be investigated at the level of the off-detector componehtke system, as the inner detector can
not be altered.
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