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Abstract

During the construction, installation and initial operation of the Evaporative
Cooling System for the ATLAS Inner Detector SCT Barrel Sub-detector, some
performance characteristics were observed to be inconsistent with the original de-
sign specifications, therefore the assumptions made in the ATLAS Inner Detector
TDR were revisited. The main concern arose because of unexpected pressure
drops in the piping system from the end of the detector structure to the distri-
bution racks. The author of this theses made a series of measurements of these
pressure drops and the thermal behavior of SCT-Barrel cooling Stave. Tests were
performed on the installed detector in the pit, and using a specially assembled
full scale replica in the SR1 laboratory at CERN. This test setup has been used
to perform extensive tests of the cooling performance of the system including
measurements of pressure drops in different parts of system, studies of the ther-
mal profile along the stave pipe for different running conditions / parameters and
coolant flow measurements in the system. The pressure drops in the system and
the associated temperatures in the barrel cooling loops have been studied as a
function of the system variables, for example; input liquid pressure, vapour back
pressure, module power load and input liquid temperature. Measurements were
performed with 10, 11, 12, 13 bar,,, inlet liquid pressure in system, 1.2, 1.6, 2.0,
2.5, 3.0, 4.0, 5.0, 6.0 bar,,s vapour back pressure in system, and 0W, 3W, 6 W,
9W, 10.5W power applied per silicon module. The measurements clearly show

that the cooling system can not achieve the design evaporation temperature of
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-25°C in every part of the detector (SCT Barrel loops) in case of 13 bar,,s nominal
inlet liquid pressure, 1.2 bar,;,, minimum possible back pressure and 6 W nominal
power per SCT Barrel silicon module and especially at the end of the ATLAS ID
operation period when modules will work on full power of 10.5W. This will lead
to the problem of thermal run-away of the ATLAS SCT, especially near the end
of the operational period after significant radiation exposure has occurred. The
LHC luminosity profile, depletion voltage and leakage current values and the total
power dissipated from the modules were revised. Thermal runaway limits for the
ATLAS SCT sub-detector were also revised. Results show that coolants evapo-
ration temperature necessary for the sub-detector’s safe operation over the full
lifetime (10 years) is -15°C with a safety factor of 2. Laboratory measurements
clearly show that the cooling system can not achieve even this necessary evapora-
tion temperature of -15°C. It is now impossible to make mechanical modifications
to the cooling system, for example; changing the diameter of the cooling pipes, or
the thermal performance of the in-system heat exchanger or reducing the vapour
back pressure. It was therefore decided to investigate changes to the cooling fluid
and to test mixtures of Hexafluoroethane (R116) CyFg and Octafluoropropane
(R218) C3Fg at differing ratios instead of just pure C3Fg coolant presently used.
For this purpose, a new “blending” machine was assembled in the SR1 labora-
tory, with a new device an “on-line acoustic flow meter and fluorocarbon coolant
mixture analyzer” (Sonar Analyzer) attached to it. The Machines were connected
to the already existing laboratory test station and new extensive tests were per-
formed to investigate different proportion of C3Fg/CyFg blends to find the mix-
ture ratio which resulted in the best operational performance as measured by: the
temperature distribution, pressure drops and flow parameters over the system,
to ensure best cooling performance of SCT Barrel cooling loops for long term
ATLAS SCT operation. Measurements were performed with different percentage
of CoFg (1%, 2%, 3%, 5%, 10%, 20%, 25%) coolant in the C3Fg/CyFg mixture,
for different power (0W, 3W, 6 W, 9W, 10.5 W) applied to dummy modules on
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the SCT cooling stave, with 13 bar,,, inlet liquid pressure and for different vapour
back pressures (1.2, 1.6, 2.0, 2.5, 3.0 barg,) in the system.

Results prove that with 25% of CyFg in the blend mixture, it is possible to
lower the evaporation temperature by ~10°C in the case of nominal operation
parameters of the system. The ATLAS Inner Detector Evaporative Cooling Sys-
tem can therefore reach the necessary evaporation temperature and therefore can

guarantee thermal stability of the SCT, even at the end of the operation period.
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Chapter 1

Introduction

I have no special talents. I am only passionately curious.

Albert Einstein

From ancient times humans were curious to know what the world surrounding
us is made of. This question remains a principal subject of interest for the many
scientific studies over the centuries and with technological progress we have the
possibility to learn more about the smallest building blocks of the world around
us and find an answer to this question.

Particle physics studies the evolution of the Universe in terms of the smallest
and fundamental particles and forces created after the Big Bang; the process
resulting in the creation of atoms - the smallest elements as it was considered till
the 19" century. However, from the beginning of the 19*” century, physicists made
several discoveries showing that the atom was divisible. It was found that the
atom consists of the various subatomic particles: electrons, protons and neutrons.
Later experiments proved that constituent of the atom could be broken down even

to the smaller elements called quarks.
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The nature and the behavior of these smallest particles can only be studied
by using large accelerator machines; accelerating particles to the velocity close to
the velocity of light and concentrating this energy in the smallest possible space

for the collisions.

1.1 LHC Accelerator

The Large Hadron Collider (The LHC) [2] is the largest particle accelerator -
collider in the world. It is located at CERN near Geneva and extends under the
Swiss-French borders having the circumference of 26.7 km. CERN is an interna-
tional particle physics laboratory where over 6500 researchers from 85 different
countries are working in close collaboration. Such huge international collabora-
tion gives the possibility to have immense amount of knowledge, manpower and
finances concentrated on the realization of a huge scientific projects like the LHC.

The circular proton-proton collider LHC is placed under the ground at a depth
of from 50 m to 170 m. It contains two counter-rotating beams, each with a bunch
frequency of 40 MHz, accelerated in this machine up to an energy of 7TeV. The
3D representation of the LHC accelerator is presented in Figure 1.1 [3] and the

design parameters of the LHC are summarised in Table 1.1 [2].

Parameter Value
LHC circumference [km] 26.66
Beam energy [TeV] 7.0
Dipole field at 7 TeV [T] 8.33
Dipole magnet temperature [K] 1.9
Number of particles per bunch 1.15x 10"
Number of bunches per beam 2808
Bunch crossing frequency [MHz] 40.08
Time between bunches [ns] 25
Expected instantaneous luminosity [cm™2s7] 1034
Expected total integrated luminosity [fb™!] 730

Table 1.1: Design parameters of the LHC.
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Overall view of the LHC experiments.

\

S alA™

Figure 1.1: Large Hadron Collider, 3D Representation.

The LHC accelerator ring consists of eight straight sections and each of them
are followed by the section which bends the particles. One of these straight sec-
tions contains the RF cavities [4] used to accelerate the particles and another one
contains the beam dump. Two straight sections are used to clean the beam halo
and in the remaining four straight sections there are beam interaction points
around which detectors are installed. To bend the two counter - circulating
beams 1232 superconducting dipole magnets are installed in the LHC ring. Mag-
nets are cooled by Helium (He) to 1.9K and provide a magnetic field of 8.3T
in the full operation mode. At the beginning of the acceleration process protons
are injected from the small linear accelerator and following it boosted into the
PS (Proton Synchrotron) and are accelerated to 26 GeV. From the PS acceler-
ated protons are injected into the SPS (Super Proton Synchrotron) [5] which
accelerates them at 450 GeV and injects into LHC. In the fully operational mode
particles in the LHC are accelerated to 7 TeV (per counter - circulating beam).

In the LHC at the beam interaction points there are four experiments (particle

detectors) installed: ATLAS (A Toroidal LHC ApparatuS) [6], CMS (Compact
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Muon Solenoid) [7], LHCb (LHC beauty experiment) [8] and ALICE (A Large
Ion Collider Experiment) [9].

1.2 ATLAS

Several thousand physicists, engineers and technicians from 172 institutes in 37
countries are involved in the large international collaboration working on the
design, development, installation, commissioning and operation of the ATLAS
detector. Physics goals of the ATLAS experiment, as one of the general purpose
detectors at LHC collider, is the search for the Higgs boson, investigation of the
extra dimensions, and search for the particles that could form dark matter. In the
ATLAS experiment extensive measurements are performed to detect, analyse and
identify the behavior of the particles created after the collisions by reconstructing
and recording particles paths, their energies and properties. General requirements
and design criteria of the ATLAS experiment based on the physics goals can be

summarised as following [6]:

e Very good electromagnetic calorimetry with radiation-hard electronics and
sensor elements for electron and photon identification and measurement

and for accurate jet and missing transverse energy measurements;

e High-precision muon momentum measurements for the precise bunch cross-
ing identification, ability to determine unambiguously the charge of high pr
muons and the accurate momentum measurements at the highest luminos-

ity in the case of using the external muon spectrometer alone;

e Efficient tracking at high-luminosity for the high transverse lepton momen-
tum measurement and at lower luminosity for the electron, photon, 7-lepton

and heavy flavor identification and for the full event reconstruction.

e Large acceptance in pseudorapidity (n) with the almost full azimuthal angle

coverage;
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e Good resolution for charged-particle momentum identification and good

reconstruction efficiency in the inner tracker;

e High efficiency of triggering and measurements of particles at low transverse

momentum thresholds, providing high efficiencies for most physics processes

at LHC.

The overall ATLAS detector layout is presented in Figure 1.2 [3] and the main

performance goals are listed in Table 1.2 [6].

44m

25m

Tile calorimeters

h LAr hadronic end-cap and
forward calorimeters
Pixel detector

LAr electromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation tracker

Semiconductor tracker

Figure 1.2: ATLAS detector, 3D Representation.

The ATLAS detector is assembled in Point 1 under the ground in the UX15
cavern. The total height of the detector equals to 25 m and the total length equals
to 44 m. The overall weight of the detector is approximately 7000 tonnes. There
are HS [10] and HO [11] service platforms assembled around the ATLAS detec-
tor and these are used to provide access of the personnel to the detector and to
support the service equipment that should be located close to the ATLAS detec-

tor. There are two service caverns called US15 and USA15 connected by linking
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galleries to the UX15 cavern, one on each side [6]. In these two caverns service

racks, electrical control cabinets, cooling station and other service machinery are

located.
Detector Component Required Resolution n Coverage
Measurement, Trigger
Tracking Opr /DT = 0.05%p7r & 1% +2.5
EM calorimetry op/E =10%/VE © 0.7% +3.2 +2.5
Hadronic calorimetry (jets)
barrel and end-cap op/E =50%/VE @ 3% +3.2 +3.2
forward op/E = 100%/vVE @ 10% 31<|n <49|31<n <49
Muon spectrometer Opr /DT = 10% at pr = 1TeV +2.7 +2.4

Table 1.2: General performance goals of the ATLAS detector.

note: for high pr muons, the muon-spectrometer performance is independent of
the inner-detector system. The units for £ are in GeV and for pr in GeV/c.

The proton-proton interaction point in the center of the ATLAS detector is
defined as the origin of the ATLAS coordinate system. The z-axis is oriented
parallel to the beam line positive to the anti-clockwise beam direction, the po-
sition of the positive x-axis is defined in direction from the interaction point to
the center of the LHC ring and the position of the positive y-axis is defined as
perpendicular to the x-axis and z-axis pointing upwards. The sides of the ATLAS
detector are defined as side A - the side from the interaction point in the positive
z direction and side C - the side at negative z. Since the detector is symmetrical
use of cylindrical coordinates is very useful. The azimuthal angle ¢ is defined as
angle in the XY-plane increasing clockwise from the x-axis and the polar angle
0 is defined as an angle in the ZY-plane increasing clockwise from the z-axis.
In the physics terminology pseudorapidity, n = —Intan(f/2) is often used in-
stead of the angle 6 since the particle multiplicity is approximately constant as
function of 1. The transverse momentum pp, the transverse energy Er and the
missing transverse energy E7** are defined in the x-y plane and the distance in
the pseudorapidity - azimuthal angle space is defined as AR = \/m

The layout of the ATLAS detector consists of the three major components:

Inner detector (Section 1.3), Calorimeter (Subsection 1.2.1), Muon Spectrome-

6
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ter (Subsection 1.2.2), and the magnet system configuration consists of a thin
superconducting solenoid assembled around the inner detector and large super-
conducting toroids: barrel and two end-caps surrounding the calorimeters. The
inner detector is embedded in a 2 Tesla magnetic field generated by the solenoid
magnet and this field deflects particles so the momentum and electrical charge
of these particles can be measured based on their track trajectory. The mo-
mentum and vertex measurements are provided by the inner detector Pixel and
SCT sub-detectors (high resolution silicon and strip detectors, subsection 1.3.1)
and the electron identification by the transition radiation and the momentum
measurements are provided by the TRT sub-detector (straw tube based track-
ing detector, subsection 1.3.2). The inner detector is surrounded by the high
granularity liquid-argon (LAr) sampling calorimeters covering the pseudorapidity
range of |n|<4.9. The hadronic calorimetry is provided by the LAr electromag-
netic calorimeter, LAr hadronic end-cap and forward calorimeters and by the
Tile calorimeters (Subsection 1.2.1). The only charged particles passing through
the calorimeters are the muons and they are detected by the muon spectrometer
(Subsection 1.2.2) surrounding the calorimeter system. The eight long coil bar-
rel and two end-cap magnets (assembly of the eight flat, square coil units with
keystone wedges) create the magnetic field of 0.5T and 1T respectively in the
central and end-cap regions of the detector. Therefore bending the particle trav-
eling trajectories, minimizing multiple-scattering effects and allowing the particle
momenta and electric charge measurements by using the three layers of the high
precision muon chambers.

The detail description of the inner detector and it’s sub-detector system
is presented in Section 1.3. The layout of the inner detector is presented in
Figures 1.8 and 1.9 [3] [6] and the main parameters of the sub-detectors are listed

in Tables 1.6 and 1.7 [6] [12].
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1.2.1 Calorimetry

The ATLAS calorimeter system surrounding the inner detector and the solenoid
magnet consists of the electromagnetic calorimeter used to identify photons and
electrons and precisely measure their energy; the hadronic calorimeter used to
measure the energy of the charged and neutral hadrons; and the radiation hard
forward calorimeter providing both electromagnetic and hadronic calorimetry
functions in the highest radiation region. The calorimeter system also prevents
electromagnetic and hadronic showers from entering the muon system. The large
In| < 4.9 coverage of the the calorimeter system and the fine granularity gives the
possibility to precisely measure particle energy and improves the detection of the
missing transverse energy E7*( important part for the jet reconstruction).
The layout of the ATLAS calorimeter system is presented in Figure 1.3 [6]

and the main parameters are summarised in Table 1.3 [6]

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr eleciromagnetic 7
end-cap (EMEC)

LAr electromagnetic

barrel
LAr forward (FCal)

Figure 1.3: Cut-away view of the ATLAS calorimeter system.




CHAPTER 1. INTRODUCTION
Barrel [ End-cap
EM calorimeter
Number of layers and || coverage
Presampler 1 nj<152 | 1 15<|n|<18
Calorimeter 3 In|<135| 2 1.375<|n|<15
2 1.35<|n|<1.475| 3 15<|n|<25
2 25<|n|<3.2
Granularity An X A@ versus ||
Presampler 0.025x0.1 [n]<1.52 | 0.025x0.1 15<|n|<18
Calorimeter 1st layer 0.025/8 x 0.1 [n]<1.40 | 0.050%0.1 1.375 < |n| < 1.425
0.025x0.025 1.40<|n|<1.475| 0.025x0.1 1425<|n| <15
0.025/8 X 0.1 15<|n|<1.8
0.025/6 x 0.1 18<|n|<2.0
0.025/4 % 0.1 20<|n|<2.4
0.025x 0.1 24<|n|<25
0.1x0.1 25<|n|<3.2
Calorimeter 2nd layer 0.025 x 0.025 [n] <1.40 | 0.050 % 0.025 1.375 < |n| < 1.425
0.075x0.025 1.40 < |n|<1.475| 0.025x0.025 1425 < |n| <25
0.1x0.1 25<|n|<3.2
Calorimeter 3rd layer 0.050 x 0.025 |[n] <1.35 | 0.050 % 0.025 15<|n|<25
Number of readout channels
Presampler 7808 1536 (both sides)
Calorimeter 101760 62208 (both sides)
LAr hadronic end-cap
|n| coverage 15<|n|<3.2
Number of layers 4
Granularity An X Ag 0.1x0.1 15<|n|<25
0.2x0.2 25<|n|<3.2
Readout channels 5632 (both sides)
LAr forward calorimeter
|n| coverage 31<|n|<4.9
Number of layers 3
Granularity Ax X Ay (cm) FCall: 3.0x 2.6 3.15<|n|<4.30
FCall: ~ fourtimes finer  3.10 <|n| <3.15,
430<|n|<4.83
FCal2: 3.3x4.2 3.24<|n| < 4.50
FCal2: ~ fourtimes finer  3.20 < |n| <3.24,
450 <|n| <4.81
FCal3: 5.4x 4.7 3.32<|n|<4.60
FCal3: ~ fourtimes finer 3.29<|n| <3.32,
4.60 <|n|<4.75
Readout channels 3524 (both sides)
Scintillator tile calorimeter
Barrel Extended barrel
|n| coverage Inl<1.0 08<|n|<17
Number of layers 3 3
Granularity An X Ap 0.1x0.1 0.1x0.1
Last layer 0.2x0.1 0.2x0.1
Readout channels 5760 4092 (both sides)

Table 1.3: Main parameters of the calorimeter system.
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The electromagnetic calorimeter represents a sampling calorimeter with
the working principle based on the use of lead as the absorber material and
liquid argon (LAr) as the sampling material. The absorber plates have accordion
style geometry ensuring the hermetic and complete coverage in ¢ [6]. The high
granularity in the n-direction of the elements, especially in the inner section
of the calorimeter, allows precise position measurements and gives the precise
information about the energy deposition and shower development in this part of
the ATLAS detector. The liquid-argon electromagnetic calorimeter consists of
the barrel and two end-cap parts and in total covers the pseudorapidity range
of |n| < 3.2 [6]. The total thickness of the barrel part of the electromagnetic
calorimeter is more than 22 radiation lengths and the thickness of the end-cap
parts is more than 24 radiation lengths. The energy resolution of the LAr EM
calorimeter equals to AE/E = 11.5%/vE @ 0.5% and the resolution of the polar
direction of the particle shower equals to A8 = 50 mrad/vE (E in GeV) [6].

The hadronic calorimeter surrounds the electromagnetic calorimeter and
in total covers |n| <1.7 region [6]. The barrel part of the HC consist of the tile
barrel assembled around the barrel part of the EM calorimeter and two extended
tile barrel parts assembled around the end-cap wheels of the EM calorimeter
and end-cap wheels of the hadron calorimeter (see Figure 1.3). The tile barrel
calorimeter employs the charged particle detection method based on use of the
iron absorber tiles interleaved with scintillators as the detection material. These
tiles are placed perpendicular to the beam axes and are radially staggered in
depth. The end-cap hadronic calorimeter consists of two (one per side) wheels
located behind the electromagnetic calorimeter end-cap wheels. Since the end-cap
hadronic calorimeter receives higher radiation dose it employs different method
based on use of radiation-hard liquid argon and copper absorbers positioned in a
parallel plate geometry. The total thickness of the hadronic calorimeter is 9.7 A
(A - hadron interaction length) and in total the average jet energy resolution for

the HC equals to AE/E = 50%/vVE @ 3% (E in GeV), with a segmentation of

10
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An x A¢p =0.1 x 0.1. [6].

The forward calorimeter wheels are integrated into the end-cap cryostat
(placed at each end per side) and each of them consist of one electromagnetic com-
partment using the liquid argon technology with copper as the absorber material
and two hadronic compartments using the tungsten as the absorber material. To
minimize the amount of the backscattered neutrons into the inner detector vol-
ume the forward calorimeter is positioned 1.2 m further away from the interaction
point (compared to the electromagnetic calorimeter end-cap). The thickness of
the forward calorimeter is approximately 10 interaction lengths and it covers the

region of 3.1< |n| <4.9.

1.2.2 Muon System

The muon spectrometer illustrated in Figure 1.4 [6] covers the outer most layers

of the ATLAS detector and determines its overall geometrical size.

Thin-gap chambers (TEC)
g | Cathode strip chambers (CSC)

Barrel foroid

Resistive-plate
chambers (RPC)

End-cap toroid
Monitored drift tubes (MDT)

Figure 1.4: Cut-away view of the ATLAS muon system.
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The overall length of the muon system is 44 m and total height equals to 25 m.

The muon spectrometer is used for the detection of the charged particles (high
pr muons) exiting the calorimeter system, their momentum measurement and
their track reconstruction. The muon tracks are deflected by the magnetic field
formed by the large superconducting toroid magnets. The muon spectrometer
covers the pseudorapidity range |n| < 2.7. The stand-alone transverse momentum
resolution of the muon spectrometer is =~10% for the 1TeV tracks and it can
be translated into the sagitta (along the z-axis of about 500 um) measurement
resolution of ~50 um [6]. Due to the large dimensions of the muon system it
is critical to have correct/precise alignment for the system components (muon
chambers). For this purpose the optical alignment system is used and offline
calculations/corrections are done to reach the design precision of 30 um on the
relative alignment of the chambers.

The muon system consists of the Monitored Drift Tube (MDT) chambers and
the Cathode Strip Chambers (CSCs) used for the precise measurements in 7 and
the Thin Gap Chambers (TGCs) and Resistive Plate Chambers (RPCs) used for
the triggering purpose, for the fast but lower resolution 7 measurements and a
second coordinate measurement. (See Figure 1.4).

The Monitored Drift Tube (MDT) chambers consist of the pressurized
aluminum tubes (Cathode tube) with the diameter of ~30 mm operating with the
Ar/CO, gas mixture at 3 bar pressure and a central 50 um diameter tungsten-
rhenium wire (Anode wire) at a potential of 3.08kV. A muon crossing the tube
excites the electrons (ionization) and they start to drift to the wire. To calculate
the distance between the wire and the muon track the drift time of the first
electron reaching the wire is used. The maximum drift time is about 700 ns and
the resolution of the drift distance is around 80 pm.

The MDT chambers are installed in the both barrel and end-cap regions of
the muon system. In the barrel region, which covers the pseudorapidity range

of |n| < 1.05, the MDT chambers are positioned in three concentric layers at

12
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the radii of 5m, 7.5m and 10 m from the beam axis. In the end-cap region the
MDT chambers, representing the assembly of the three (per side) perpendicular
to the Z axis end-cap wheels, are located at ~7.5m, ~13m and ~20m from
the interaction point. In the end-cap region MDT end-cap wheels cover the
pseudorapidity region of 1.05 < |n| < 2.7 (except in the innermost layer, where
In| < 2.0).

The Cathode Strip Chambers (CSC) are installed in the inner-most
end-cap ring perpendicular to the Z axis and cover the pseudorapidity region
of 2 < |n| <2.7. Two CSC end-cap wheels (one per side) are segmented into
the eight large and eight small chambers and each chamber consists of four CSC
planes providing the four independent measurements in 7 and ¢ for each track.
The CSC chambers have high spatial resolution and very short electron drift time
<30mns giving the possibility of the precise measurements in the high background
forward region. The CSC chambers are multi-wire proportional chambers with
operation method based on the use of the cathode strip readout. In the chamber
the Anode wires are oriented in the radial direction and the strips (Cathode) are
segmented perpendicular to the wires (for the precision coordinate measurement)
and parallel (providing the transverse coordinate). The CSCs are fiiled with
the Ar/CO, gas mixture. Electrodes are at a potential of 1.9kV. For the CSC
precision coordinate resolution is ~60 ym and the second coordinate resolution
is ~5dmm.

The Resistive Plate Chambers (RPC) are placed in all three MDT
barrel layers covering each MDT barrel chamber from the top and the bottom
(See Figure 1.4). In the RPC chamber there is a 2 mm gap between the two paral-
lel plates (electrodes at a potential of 4.9kV) filled with a CoHsFy /Iso-C4H;o/SFg
gas mixture. In the gas ionization occurs by the passage of charged muons and
the created electrons drift towards the anode. The signal is read by the capacitive
coupling strips fixed to the outer face of the plates. The n strips used to provide
the fast pr estimate for the trigger are parallel to the MDT wires and the ¢ strips,

13
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providing position measurement, are orthogonal to the MDT wires. The electron
drifting time between the plates (electrodes) in the RPC is <10ns and the pitch
of the 7 strips equals to 23 mm and for the ¢ strips equals to 35 mm.

The thin-gap chambers (TGC) are used for the triggering and for the
second coordinate measurements in the end-cap part of the muon system. The
TGCs represent the multi-wire proportional chambers with the operation method
based on the use of the array of the anode wires and cathode strips at a potential
of 2.9kV. In the TGC chambers thin gap between the plates is filled with a
COs4/n-C5H;5 gas mixture where the ionization occurs. The signal from the anode
wires (parallel to the MDT EC wires) is used for triggering and the signal from
the cathode strips (orthogonal to the wires) is used for the second coordinate
measurement. The distance between the anode wires equals 1.4 mm and the
distance from the wire to the cathode is 1.8 mm. The TGC provides fast signal
in <25ns time window.

The main parameters of the muon spectrometer (muon chambers) are sum-

marised in Table 1.4 [6].

Monitored drift tubes MDT

Coverage In| < 2.7 (innermost layer: |n| < 2.0)
Number of chambers 1150

Number of channels 354000

Function Precision tracking
Cathode strip chambers CSC

Coverage 2.0 < |n| < 2.7

Number of chambers 32

Number of channels 31000

Function Precision tracking
Resistive plate chambers RPC

Coverage [n] < 1.05

Number of chambers 606

Number of channels 373000

Function Triggering, second coordinate
Thin gap chambers TGC

Coverage 1.05 < || < 2.7 (2.4 for triggering)
Number of chambers 3588

Number of channels 318000

Function Triggering, second coordinate

Table 1.4: The main parameters of the muon spectrometer.
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1.2.3 Trigger System, Data Acquisition and Control

Due to the high bunch crossing rate (40 MHz) in the LHC and several megabits
of generated data for each bunch crossing it is obvious that the data set measured
in the ATLAS detector is too large to be recorded on physical storage for each
event. The purpose of the trigger system is to reduce the total data flow by
distinguishing only the interesting physics events. The ATLAS trigger system
consists of three main levels: Level 1 trigger where the triggering logic is based
on the use of dedicated electronics, Level 2 trigger and Event Filtering levels
using software algorithms. In each level the decision made in the previous level
is refined and additional selection criteria are applied if necessary. A schematic

view of the ATLAS trigger system is illustrated in Figure 1.5 [13].

LEVEL 1 Front end pipeline

TRIGGER memories

Regions of Interest
(Rols)

Readout drivers
Ds)

Rol Builder
(RoIB)

LEVEL 2
TRIGGER
Dataflow

Manager Event Building
(DFM)

ROLs

Readout buffers
(ROBs)

SFIs

EVENT FILTER Processor farms

SFOs

Ofline data recording

Figure 1.5: The ATLAS trigger system.

Level 1 trigger represents the hardware based trigger which reduces the
LHC bunch crossing rate of 40 MHz to a data rate of interesting events of ap-
proximately 75kHz (event processing time 2.5 us). The Level 1 trigger uses
the information from the electromagnetic and hadronic calorimeters and from

the muon system (RPC and TGC chambers) to identify the electrons, photons,

15



CHAPTER 1. INTRODUCTION

high p7r muons, 7 leptons decaying into hadrons and products with large missing
transverse energy (EZ7**) produced from the proton-proton collisions. In addi-
tion the Level 1 trigger defines the Regions of Interest (Rol) (the region where
the interesting feature was detected) in each event giving the geographical coor-
dinates of this regions in 7 and ¢ and including the information about the type
of the feature and the selection criteria of this region. All this information is
transferred to the Level 2 trigger.

Level 2 trigger is a software based trigger using algorithms to analyse the
data from the Level 1 trigger and it further reduces the data rate to approximately
2kHz (event processing time ~40ms). Level 2 trigger uses in addition data from
the precise MDT and CSC muon chambers for better momentum estimation and
information from the inner detector about the reconstructed track.

Event Filter uses more complicated and complex software algorithms to do
the event identification. All events passing this final stage are then recorded to
the data storage and are available for the offline physics analyses. In this stage
the event rate is reduced to approximately 200 Hz with the event processing time
~4s, this corresponds to a stored data rate of ~100 Mbs~!. Since this stage of
analysis requires large computing resources event filter runs on several computers
located in the CERN computer farm.

Readout and Data Acquisition. Events accepted by the Level 1 trigger are
transfered from the front-end electronics into the Readout Drivers (RODs) [13]
and afterwards to the Readout Buffers (ROBs) [13], where they are analysed and
stored until the Level 2 trigger accepts or rejects the event. These digital signals
represent specially formated raw data ready to be transfered to the Data Acqui-
sition (DAQ) system. On the first stage of the DAQ data received and stored in
RODs and temporary ROB buffers is analysed by the Level 2 trigger, with the
additional information about the Rols, and accepted events are transferred to the
event building system. Afterwards the data is sent to the event filter stage for the

final event selection. Events selected by the final stage event filter are transfered
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to the CERN computer center and are stored permanently and are available for
physics analyses. For the data flow in the ATLAS trigger and DAQ system see
Figure 1.5 [13].

The Detector Control System (DCS) is used to ensure logical and safe
operation of the ATLAS detector. The DCS allows control, monitor and archive of
the different operation parameters for the ATLAS sub-detectors and the technical
infrastructure of the experiment. This allows the diagnostic and error recovery
of the system, which is implemented through the software platform PVSSII [14]
based user interface (Finite State Machine (FSM) [15] panel). The DCS also
controls the detector operation experts and the detector operation monitoring
shifters systems; enables the communication between the detector and the data
acquisition system, allowing synchronisation between the data-taking and the
detector state and manages the communication between ATLAS and the inde-
pendently controlled systems like LHC accelerator, technical services and the
detector safety system (DSS). The block diagram of the DCS architecture is pre-
sented in Figure 1.6 [6].

The screen shot of the ATLAS FSM control panel (the main branch) is pre-

sented in Figure 1.7.
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The Off-line framework. The software framework called Athena [16] is
used to analyse the huge amount of recorded data from the ATLAS detector. This
framework is designed for the reconstruction of the events from the recorded data
and for the simulation of collision events in the ATLAS detector. For these pur-
poses the software framework uses special software packages such as Pythia [17]
and GEANT4 [18]. For both the reconstruction and the simulation processes
huge amounts of additional information is needed, for example the detailed de-
scription of the detector; material description of the sub-detectors, calorimeter
and muon system; alignment of the muon structure; state of the magnets and
magnetic field; condition of the beam and much more. This kind of information
is stored in the on-line database and is updated regularly. The event simulation
process consists of several steps including: the simulation of the collision itself,
the simulation of the generated particles interacting with the detector material
and the simulation of the response of the detector. The various algorithms are
employed for the event reconstruction process using the detector response data;

both the real (recorded) or the specially simulated data.

1.3 Inner Detector

The purpose of the Inner Detector (ID) [19] [20] tracker is the highly efficient
reconstruction of the tracks and vertexes for the events and with the calorimeter
and the muon system, the detection and recognition of the particles produced
from the collisions (electrons, photons, muons...).

The ATLAS Inner Detector consists of the three separate sub-detectors: the
Pixel Detector, the Semiconductor Tracker (SCT) and the Transition
Radiation Tracker (TRT). The schematic drawing of the inner detector layout
showing the position of the sub-detectors and their dimensions is presented in
Figure 1.8 [12] (the figure shows one quadrant of the ID) and the cut-away view
of the inner detector 3D model is presented in Figure 1.9 [6] [3].
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Detector elements are identified as side A and side C for the sections on
the +z side of the interaction point and -z side respectively. Each sub-detector
consists of the barrel and two endcap sections and in total the ID covers the
pseudorapidity range of |n| <2.5. The momentum resolution for the inner detector
is Apr/pr = 0.04% x pr ® 2% (pr in GeV). The inner detector is surrounded by
a solenoid magnet providing 2T magnetic field, with the field direction parallel
to the beam axis, necessary for the bending of the charged particle tracks [6].

Since the particle density is highest close to the interaction point, where the
pixel sub-detector is located, high granularity of the innermost detector is es-
sential. The pixel sub-detector consists of three horizontal concentric cylindrical
barrel layers and the end-cap region with three discs per side perpendicular to the
beam axes. The pixel sub-detector modules (Subsection 1.3.3) with the silicon
sensors (Subsection 1.3.1) segmented in small rectangles (pixels) are mounted on
the barrel layers and the end-cap discs. The smallest pixel size is 50x400um? and
in total there are 67 million pixels in the barrel region and 13 million pixels in the
end-cap discs. The layout parameters of the pixel sub-detector are summarised

in Table 1.5 [12].

Barrel End-caps

silicon area [m?] 1.45 0.28
number of layers 3 barrels 3 discs (per endcap)
number of pixels [109] 67 13

number of modules 1456 288

r-¢ resolution [pm] 12 12

2z resolution [pm)] 110 110
pseudorapidity coverage In| <2.5 20<|n| <25
radial coverage [mm] 50.5 <1 < 1225 88.8 <r< 149.6

Table 1.5: Layout parameters of the pixel detector.

The SCT detector is located around the pixel detector and it consists of
the barrel region with four concentric horizontal layers and the end-cap region
with nine discs (per side) perpendicular to the beam axis. Since the particle

density in this region is low enough detector modules with silicon strip sensors
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Barrel End-caps
silicon area [m?] 34.4 26.7
number of layers 4 barrels 9 discs (per endcap)
number of channels [10°] 3.2 3.0
number of modules 2112 1976
r-¢ resolution [um)] 17 17
z resolution [pm] 580 580
pseudorapidity coverage In| < 1.2 1.2<|n <25
radial coverage [mm|] 299 <r <514 300 < r < 520

Table 1.6: Layout parameters of the SCT detector.

are used to reduce the number of the readout channels. In the barrel region
the strip direction is parallel the solenoid field (beam axis) and in the end-cap
region radially outwards and perpendicular to the magnetic field. The barrel
sensors have a constant pitch of 80 um and the end-cap sensors have variable
pitch widening towards the larger radii. The strips are read out by the radiation
hard ABCD3TA [21] front-end chips. The readout of the SCT modules is binary
(i.e. a”1” if a strip was hit and a ”0” otherwise) giving the information about
the hit strip channel address. The layout parameters of the SCT sub-detector
are summarised in Table 1.6 [12].

The Transition Radiation Tracker (TRT) is assembled around the SCT and
as well consists of a barrel and two end-cap regions. The TRT is based on
straw tube detectors (Subsection 1.3.2): 4mm inner diameter tubes filled with
a Xe/CO3/04 gas mixture and having an Anode wire in the center. The TRT
barrel region contains 50000 straw tubes oriented parallel to the beam axis while
the end-cap region, 20 end-cap wheels per side, contains 320000 tubes pointing
to the beam axis. The TRT covers the pseudorapidity range up to |n| < 2.0 and
the tracker geometry guarantees that approximately 40 straw tubes are crossed
by each charged particle. This gives the precise tracking possibility at the large
radii of the inner detector and increases the pattern recognition ability. When the
charged particle passes the TRT straw tube ionization occurs in the gas mixture

and electrons drift to the wire (Anode). The wire in each tube is split in half
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and read out every 75ns at each end providing the information about the drift
time. The distance from the wire to the track is determined by converting the
drift time into the distance. In the TRT straw tube track position measurement
accuracy is ~170 ym. The transition radiation measurement in the TRT is based
on use of the polypropylene radiator material [22] [23] which fills the space be-
tween the straw tubes. The transition radiation (X-rays) is produced when the
charged particle cross the boundary between the two materials having different
dielectric constants. The transition radiation depends on the Lorentz factor (v)
and the mass and momentum of the particle. The gas mixture in the straw tubes
absorbs X-rays and a large amount of charge is produced. The TRT readout
has two thresholds: the low threshold for the ionization detection and the high
threshold for the X-ray energy deposit detection, rendering the TRT capable of
identifying the electrons. Electron identification efficiency in the ATLAS TRT is
~90% (for energies >2 GeV) [6].

The layout parameters of the TRT tracker are summarised in Table 1.7 [12].

Barrel End-caps
number of straw layers 73 2 x 160
number of readout channel 105088 2 x 122880
drift time resolution Xe [pm] 130 130
drift time resolution Ar [pm)] 190 190
pseudorapidity coverage In| < 1.0 1.0<|n <20
radial coverage [mm|] 563 < r < 1066 | 644 < r < 1004

Table 1.7: Layout parameters of the TRT detector.

The heat dissipated from the TRT straw tubes (produced by the ionisation
current in the gas mixture) is removed in different ways in the TRT barrel and
end-cap regions and the temperature along each straw tube is kept < 10°C.
In the barrel heat is evacuated through the module shells; the high thermally
conductive structure is made of 400um thick carbon fibers and being part of the
support structure for the straw tube matrix and the radiator material. The heat

from the straw tubes is transfered to the module shells by conduction through
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the COy gas envelope surrounding the TRT structure. Module shells are cooled
by the mono-phase cooling circuits (two cooling pipes located in the corners of
each module shell) running CgF4 refrigerant. These cooling circuits as well serve
to cool the front-end electronics. In the TRT end-cap region the heat dissipated
from the straw tubes is evacuated through the CO, gas envelope; each end-cap
wheel has a separate CO5 cooling envelope where gas flows continuously with a
flow rate of ~50 m*h~! and the heat from the gas is removed by the external heat

exchanger cooled with CgF14 refrigerant.

1.3.1 Pixel and SCT detector sensors

The general operational principle of silicon sensors is based on use of the p-n junc-
tion [24]; connection of the two doped silicon regions with different concentration
of free electrons and holes. The n-doped region represents an area (usually doped
with Arsenic, As) with free electrons and the p-doped region represents an area
(usually doped with Boron, B) with free holes, thus a bipolar diode is created.

Simple schematic is presented in Figure 1.10.

O—— —F——0
n p
SN SN
As -q B +q
s, 7 N\ s, s, Va \Si

Figure 1.10: p-n junction.

Since the sides of the junction contain excess of electrons or holes a diffusion
current flows in both direction; electrons and holes are diffusing leaving behind
a region of fixed ions. This region is called the Depletion Region. To extend the
depletion region of the sensor an external electrical potential is applied to the

junction. See schematic in Figure 1.11.
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Figure 1.11: Depletion region.

The voltage necessary to increase the width of the depleted region (sensitive
region of the sensor) is called the Bias Voltage. The depleted region of the
sensor is used for particle detection; electrical charges created by the passage of
an ionizing particle through the silicon are drifting to the respective electrodes
(electrons into n direction and holes into p direction) forced by the electrical
field formed in this area and are detected by the readout electronics connected
to the silicon sensor. The advantage of the silicon technology is that energy
necessary for the electron-hole pair production in silicon is much less (3.6 eV)
than in ionizing gases (~30eV) or diamond (=13eV) therefore giving bigger
readout signal directly proportional to the released energy and allowing lower
energy particle detection. From the other hand diamonds are more resistive to
the radiation damage but their production is much more difficult and expensive.

High luminosity in the LHC (integrated radiation dose in the ATLAS ID)
has significant effect on the performance of the Pixel and SCT silicon sensors:
displacement of the atoms in the silicon lattice changes effective doping con-

centration therefore increases the depletion (bias) voltage for the sensors; The
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leakage current of the silicon sensor as well increases with the radiation causing
an overall increase in the dissipated power from the sensor affecting the subse-
quent change in the silicon doping concentration and the increase in the required
operation voltage (depletion voltage); The Pixel [25] and SCT [26] silicon sensors
are designed to cope with these requirements. In the ATLAS inner detector they
are operated in the temperature range -5°C to -10°C (Section 2.2) to minimise
the change in the effective doping concentration and lower the leakage current
and can guarantee adequate signal performance over the entire inner detector
operation period with the given LHC luminosity.

The pixel silicon sensor represents the 250pum thick detector; the array (pixels)
of the bipolar diodes implanted into the n-type bulk. High positive (p*) and
negative (n*) doped regions are implanted on both sides of the wafer. This allows
good charge collection efficiency even after the p-n type inversion caused by the
radiation damage [25] . On each sensor 47232 pixel implants with the nominal
size of 400x 50 pum? are arranged in 144 columns and 328 rows and in each column
eight pairs of pixel implant are ganged resulting in 46080 pixel read-out channels,
or 320 independent read-out rows, allowing connection of the sensor tile to the 16
read-out electronic front-end chips. For the quality assurance tests all read-out
channels were connected to the common bias grid but in normal operation biasing
for each individual pixel is provided by the bump-bond technique [25] through the
openings in the passivation layer of the sensor. The nominal bias voltage required
for the sensor operation is ~150 V and the maximum predicted bias voltage, after
the maximum expected irradiation with respect of the integrated luminosity and
the expected operating temperature profile is ~600V. The Pixel sensor design
guarantees each pixel isolation and a special p-spray isolation technology [25]
was used to allow small feature size and good performance of the sensor after the
irradiation.

The SCT sensors are 285+15um thick silicon detectors with the standard

single sided p-n technology, the p-strips on the high resistive n-bulk, with the
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AC-coupled readout strips. In total there are 15912 silicon sensors used in the
SCT sub-detector. For the SCT barrel sensors 768 readout strips are positioned
with 80um pitch but for the EC sensors are not at a constant pitch since the
EC sensors have a wedge-shaped geometry in contrast to the barrel rectangular
sensors [26]. The complicated sensor geometry was adopted because of their
layout on the EC discs. The different type (geometry) EC sensors are grouped
in five and named W12, W21, W22, W31 and W32 to form the sub-detector
modules [26]. Each sensor of both the SCT barrel and EC modules are read out
by six 128-channel ABCD3TA ASICs [27]. The nominal bias voltage required
for the SCT sensor operation, as it was proposed in the ATLAS TDR [6], is
~150V and the predicted bias voltage range after the irradiation at the end of
the ATLAS inner detector operation period is between 350 V and 450 V depending
on the position of the sensor, integrated luminosity and the expected operational

temperature profile. These values were revised later in this work in Chapter 3.

1.3.2 TRT straw tubes

The basic elements of the TRT are the 4mm inner diameter thin-walled pro-
portional drift tubes with the gold plated tungsten anode wire located in the
center with the tubes filled with a Xe/COy/Oy gas mixture. They are called
“straw tubes” [22]. The length of the straw tubes for the TRT barrel equals to
144 cm and for the TRT end-cap to 37 cm. To obtain the necessary mechanical
and electrical properties of the tubes a special film coating technology is used;
the wall of the straw tubes is formed from the two layers of the 35um thick
multilayer films. These films themself are made of 25um thick Kapton 100 VN
film. On the one side of the Kapton film 0.2um thick Aluminum (Al) (protected
with the 5-6um thick graphite-polyimide layer) is deposited and the other side
of the film is coated with the 4-5um polyurethane layer used as a sealant. Alu-
minum provides good electrical conductivity and the graphite-polyimide layer

provides good protection of the aluminum layer against damage from the cath-
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ode etching effects. To protect the straw tubes against environmental factors like
humidity and temperature they are reinforced by carbon fibers. The anode wire
for the TRT straw tube is a 31um thin Tungsten (Wolfram W) wire which is
plated with a 0.5-0.7um layer of gold . The wire is centered in the straw tube
and is supported by the end plugs. The electrodes (wire-anode, aluminum tube-
cathode) in the straw tube are at a potential of 1530 V. The anode wire in the
tube is electrically split in two and is continuously read from the both ends by
the front-end electronics. Straw tubes are filed (5-10 mbar over-pressured) with
the 70%Xe + 27%CO, + 3%02 gas mixture which is continuously re-circulated
and the mixture composition is continuously monitored. The maximum electron
collection time in the straw tubes, in case of the standard conditions, is ~48 ns
and the drift time accuracy is ~130um. The charged particle passing through
the straw tube causes the ionisation in the gas mixture and free electrons drift
to the anode wire (forming an avalanche) and signal is read-out by the front-end
electronics. In the space between the straw tubes, filled by the radiator material,
transition radiation photons (X-rays) are produced and they are absorbed by the
gas mixture in the straw tube, leading to the large charge deposit on the anode
wire therefore producing higher signal. In the TRT particle identification is ob-
tained through the two readout signal thresholds; low for the ionization and high
for the X-rays absorption. Since the produced transition radiation is different
for the particles with the same momentum but different mass (electrons produce
the transition radiation if their momentum is above 1 GeV /c, but pions produce
the transition radiation if their momentum is ~100 GeV/c) electron identifica-
tion (pion rejection) is possible with the TRT (with the identification efficiency
of ~90% for the energies >2 GeV [6]).

1.3.3 Inner Detector (Pixel, SCT and TRT) Modules

In total 1744 identical modules cover the barrel and end-cap regions of the pixel

detector. Each pixel module represents the assembly of the pixel silicon sensor
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containing 47232 pixels; the sixteen 180um thick front-end electronics chips (FE)
each with 2880 electronic channels with amplifying circuitry; fine-pitch bump
bonds connecting the electronics channels to the silicon sensor; 100um thick dou-
ble sided flexible polyimide printed-circuit board (flex-hybrid) used for the signal
and power routing and the module control chip (MCC) glued on it. For the
barrel modules, to provide the connection to the electrical services through the
microcable, the flexible foil (pigtail) with the Type0O connector is attached, while
for the end-cap modules microcables are attached without this pigtail connection.

The image of the pixel module (barrel) assembly is presented in Figure 1.12 [25].
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Figure 1.12: The elements of a pixel barrel module.

Signal from the silicon sensor is routed through the copper traces on the flex
hybrid to the module control chip and the MCC transmits the digital data to the
electrical services out of the module. The low voltages (decoupled) to the chips

are distributed through the channels on the flex and the back side of the flex is
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pinhole free to guarantee the safe connection to the high voltage side of the silicon
sensor. Temperature of the module is monitored by the Negative Temperature
Coefficient (NTC) sensor fixed on the flex and in case of module overheat the
power to the module is switched off by the fast interlock system.

At the end of the module operation period (with respect to the inner detector
integrated luminosity and the temperature profile) it is predicted that pixel mod-
ule will draw 1.3 A at 1.7V (analog supply) and 0.9 A at 2.1V (digital supply)
including the voltage drops from the pigtail and the flex, plus voltage drops from
the microcables and in addition 1 mA at 600V for the silicon sensor bias. These
yield a total power consumption (dissipated power) for the pixel module of 4.7 W.
Since it might be necessary to increase the analog or digital supply voltages for a
better performance it was assumed that maximum power consumption per pixel
module at the end of the operation period will be ~6 W [25]. The pixel barrel
modules are glued on the Thermal Management Tile (TMT) which itself is at-
tached to the pixel cooling stave (D-shaped Aluminum (Al) tube) by the carbon
fiber reinforced plastic (see Section 2.5.1). The pixel end-cap modules are di-
rectly mounted on the cooling sectors of the pixel end-cap wheels. Each cooling
sector represents the W-shaped Aluminum (Al) tube trapped between the carbon
composite sheets and the carbon foam in between the sheets with the thermally
conducting adhesive (see Section 2.5.1).

The SCT barrel consists of 2112 modules. Each SCT barrel module represents
the assembly of the four SCT barrel silicon sensors (80um pitch micro-strip sen-
sor) connected to the binary signal readout chips located on the polyimide hybrid
which has 12 (6 per side) identical 128 channel ASICs (chips) and bridges the
silicon sensors from both sides. The image of the SCT barrel module assembly is
presented in Figure 1.13 [28] [6].

These four silicon sensors two on the top and two on the bottom side are
positioned back to back in pairs and these pairs are positioned at the stereo

rotation angle of 40 mrad. The silicon sensors are glued on a 380um thick base
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Figure 1.13: Assembly of the SCT Barrel Module.

board made of thermal pyrolitic graphite (TPG) which represents the thermal

and mechanical structure of the module. It is extended on both sides and includes

beryllia (BeO) facings. High voltage bias supply to the silicon sensors is delivered

through the conductive lines on the base board. Cooling of the SCT barrel

modules is provided by the SCT barrel cooling stave (see Section 2.5.1).

Electronics

Si Sensor

Si Sensor

Cooling pipe

Figure 1.14: Thermal FEA of ATLAS barrel SCT Silicon strip module
(top plane with two 6 x 6 cm? sensors visible) with a hybrid power of 6W
and a sensor leakage power of 120uW/mm? at 0°C. Temperatures range
from -25°C (coolant) to 6 °C (electronics maximum). Contours are shown
at 1°C intervals between -20°C and 4°C. Note the small variation of
temperature (labelled contours) over the sensor surface.
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The modules are fixed on the Aluminum (Al) cooling blocks with the layer of
the thermal grease and a copper-polyimide capacitive shunt shield. These cooling
blocks are soldered on the barrel stave pipe. Heat from the silicon sensor and
the hybrid is evacuated through the base board and the hybrid substrate to the
beryllia facing which is in direct contact with the cooling block surface. Sev-
eral calculations were done to predict the thermal behaviour of the SCT barrel
modules [29]. Thermal FEA image of the SCT barrel module is presented in
Figure 1.14 [29]. Heat propagation over the module and thermal runaway prob-
lems are discussed in detail in the following chapters 3, 4, 5.

In total SCT end-cap region consists of 1976 modules. Unlike the barrel in
the end-cap there are three different module types; Outer, Middle and Inner
depending on the position on the end-cap wheel therefore having the different
type of the silicon sensors (W12, W21, W22, W31 and W32 see Subsection 1.3.1)
in the assembly. The image of the different type of SCT end-cap modules and

module components is presented in Figure 1.15 [30].
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Figure 1.15: Types (outer, middle and inner from left to right) and
Components of SCT End-Cap Modules (middle module).
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Each SCT end-cap module has the set of the silicon sensors (two or four) glued
back to back on a thermal pyrolitic graphite spine and they are positioned at the
stereo rotation angle of 40 mrad to achieve the required space point resolution for
the SCT. The spine is used as the thermal conductor to the cooling pipe and as
a contact for the high voltage bias to the silicon sensors. From the one side it is
attached to the carbon substrate plate by the glass fan-ins and there is a polyimide
flex hybrid glued on the substrate. Signal from the silicon sensors is read by the
ABCD readout ASIC [31] chips connected to the flex hybrid. Cooling of the SCT
end-cap modules is provided by the SCT end-cap cooling stave (see Section 2.5.1);
The modules are attached to the carbon-carbon cooling blocks which are soldered
to the cooling pipe. There is a layer of thermal grease used between the cooling
block and the module. Heat from the silicon sensor is evacuated through the spine
and from the hybrid through the hybrid substrate. Outer and middle modules
are cooled by two cooling blocks (main block cools the hybrid and the spine and
far block cools only the spine), while the inner modules are cooled only by the

main block and the far block serves as a mechanical support.
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Figure 1.16: The FEA simulation of an outer SCT end-cap module; the
hybrid end of a module on the left and the sensor part of a module on
the right. Simulated at TW power and with the coolant at -20°C. The
simulation has a 2-fold symmetry (zero stereo angle) so only half of the
module is shown.
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Several calculations were done to predict the thermal behaviour of the SCT
end-cap modules [30]. Thermal FEA image of the SCT end-cap module is pre-
sented in Figure 1.16 [30]. Heat propagation over the module and thermal run-
away problems are discussed in detail in the following chapters 3, 4, 5.

Both the SCT barrel and end-cap modules (the silicon sensor part) were
specified to be operated at or below —7°C. The nominal hybrid power per
module, as specified in the ATLAS TDR [6], is 5.5 W and after irradiation at the
end of the operation period will reach 7.5 W. The silicon sensor power load was
expected to reach ~1W per module after ten years of operation. The convective
heat load for the modules at the top part of the barrel and end-cap discs was
expected to reach ~0.8W per module. This leads to a total of ~9.5W power
dissipated per module at the end of the ATLAS inner detector operation period
and with the safety margin defined for the cooling system to ~10.5W. These
values defined in the ATLAS TDR are revised in Chapter 3.

In the TRT 96 modules supported by the space frame create the three layers
of the barrel assembly. Each module represents the transition radiation material
(polypropylene radiator material called the radiator) and an array of the straw
tubes (see Subsection 1.3.2) with the average spacing of ~7mm [22][6]. The
module shell made of 400um thick carbon fiber serves as a support structure and
as a gas manifold for the COy circulated in the TRT barrel envelope. CO, is
used to prevent HV discharges and accumulation of the Xenon (Xe) leaking from
the straw tubes. The tension plate and the HV plate covering the modules are
used to close the active gas volume (envelope) and serve as a support (precise
position and wire tension) for the straw tube wires and for the HV supply lines.
As described previously in this chapter, heat dissipated by the straw tubes and
conducted by COs is evacuated thought the module shells when module shells
are cooled by the monphase cooling circuits circulating the CgF14 refrigerant.

In the TRT end-cap wheels straw tubes are located perpendicular to the beam

axes in a matrix embed into the transition radiation material and they are not
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grouped (or addressed) as modules. High voltage and signal connection to the
TRT end-cap wheels is provided by the flex-rigid printed-circuit boards [23]. The
heat dissipated from the straw tubes is evacuated through the CO, gas envelope
and the heat from the gas is removed by the external heat exchanger cooled by

the CgF14 refrigerant.
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Chapter 2

Evaporative Cooling

In general, there are different approaches used to cool particle detectors such as
the ATLAS Inner Detector. Due to the complexity of the ATLAS inner detector
and the many special requirements for the SCT and Pixel sub-detectors, the
ATLAS inner detector cooling system is custom designed. This chapter starts
with a discussion of the different approaches used to cool particle detectors and
their advantages and disadvantages. Following this is a detailed description of
the custom designed C3Fg based evaporative cooling system used in the ATLAS

inner detector.

Cooling by Cold Gas

The simplest solution in terms of construction is cooling by a stream of cold gas,
usually Nitrogen, CO, or Air is used for this purpose. In this case the cooling
gas is in direct contact with the device to be cooled, therefore the heat transfer
surfaces are larger compared to small cooling tubs used for liquid based cooling
systems. There are several disadvantages of this type of cooling system. The first
is that the cooling relies only on the heat capacity of the gas and not on the latent
heat associated with a change of state. The heat capacity of gases are lower than

for liquids and heat capacities are lower than latent heats. Therefore cold gas
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cooling systems require a larger mass flow compared to liquid systems or phase
change based systems (for example an evaporative cooling systems). The second
disadvantage is the low heat transfer coefficient between the object to be cooled
and the cooling gas compared to the heat transfer coefficient for a liquid. This is
compounded by the requirement to use low mass flows to reduce vibrations in the
system which reduce the heat transfer coefficient still further. Finally, it is very
difficult and challenging to assemble a cooling structure to uniformly distribute
gas for a complex detector system like the ATLAS inner detector. Therefore, this
approach is not the best choice for the ATLAS Inner Detector.

Mono Phase Cooling

In a mono-phase liquid cooling system cold liquid runs through the cooling pipes,
which are in thermal contact with the detector modules to be cooled, and removes
heat from these modules via the heat capacity of the liquid. The simplicity
of the system is the big advantage; it does not require complicated theoretical
calculations, the cooling circuit does not need throttling elements and the pressure
drop in system does not have a significant effect on the system’s cooling ability.

There are several disadvantages to mono-phase liquid cooling. The first is that
as the system relies only on the heat capacity of the liquid and no phase change,
higher coolant mass flows are therefore required compared to phase change cooling
systems. The second is that the coolant will be cold throughout the entire cooling
circuit. The inlet cooling pipes require thermal isolation to prevent premature
warming of the cooling fluid, and if the coolant is below the dew point in the
experimental cavern the cooling pipes demand thermal isolation on their return
as well. This implies a larger volume of the detector is occupied by the cooling
services than for a non-isolated system. Finally, the cooling liquid should be
chosen carefully in respect to possible leaks (only non-corrosive, non-electrically
conductive, non-toxic). It is preferable to use a volatile and non-conductive lig-

uid, which are available. If possible the cooling circuit should run at below
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atmospheric pressure to avoid leaks into the detector system in the first place.
Mono-phase Cooling is used as the cooling system for the electronics in the
ATLAS Transition Radiation Tracker [23]. In that system, the fluorocarbon
CgF14 is used as a coolant. It is a very reliable and simple to use system, but
because of disadvantages listed above,this approach was not chose for the ATLAS

SCT and Pixel sub-detectors.

Binary Ice

Binary Ice is a mixture of microscopic ice crystals in water or in a mixture of water
and a freezing point depressant. It has some advantages for example it’s simplic-
ity in design and construction, for example; the absence of throttling elements,
simple theoretical calculations and predictions, heat removal at almost constant
temperature, increased heat transfer with respect to gas cooling and lower mass
flow than for mono-phase liquid system. However, there are many disadvantages
which include; the necessity to thermally isolate pipes everywhere in the detector
to avoid condensation, as the coolant is cold in the feed and return pipes, it is
necessary to run the fluid in the cooling circuit below atmospheric pressure to
prevent water escaping into the detector in case of leaks (this can cause serious
damage to detector). The approach was studied for the ATLAS inner detector,

but after some investigation it was not chosen.

2.1 Evaporative Cooling

The general principle of an evaporative cooling system is based on the use of
the coolant’s (refrigerant’s) latent heat of vaporization. The refrigerant, circulat-
ing in the cooling system, vaporizes in the detector structure, absorbing latent
heat removed from detector modules. Then in vapour phase, it is compressed
by a compressor and delivered to a condenser, which is cooled by another sub-

stance (refrigerant, water, etc.), and now returned to the liquid phase and at
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high pressure, the refrigerant circulates back to the detector structure. Normally,
additional sub-cooling, via a counter flow heat exchanger, is used to increase
the efficiency of the cooling circuit by increasing the available enthalpy of the
refrigerant.

Advantages of an evaporative cooling system are: it allows heat to be re-
moved at a constant temperature, as long as the pressure drops along the cooling
structure are low; a significant increase in heat removal capacity compared to
a mono-phase based system, the same amount of refrigerant can remove a few
orders of magnitude more heat [32] when it evaporates, than when it remains
in liquid state; significantly lower mass flow compared to other approaches; the
refrigerant can be at room temperature up to the evaporator (detector), so no
thermal isolation is needed for circuit pipes. If an additional evaporator is housed
in the detector volume, after the detector structure to be cooled, such that all the
liquid is evaporated and heated to above the experimental cavern dew point then
the return pipes do not need to be thermally isolated. This gives the advantage
of using less material inside the tracking detector (one of the requirements for
the precise reconstruction of the particle momentum and in order to minimize
the production of secondary particles [6]), and since the ATLAS detector is de-
signed to be hermetic, gaps in the detector structure due to the services should
be minimized [33].

Because of the many advantages mentioned above, an oil free Evaporative
Cooling System using C3Fg (Section 2.3) refrigerant was chosen for the ATLAS
ID SCT and Pixel sub-detectors.

2.2 Requirements for the SCT and

Pixel Sub-detectors

The ATLAS inner detector evaporative cooling system was specified to be ef-

ficient enough to protect the SCT and Pixel sub-detectors against overheating
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with a design target of keeping the maximum silicon sensor temperature of the
detector modules at or below -7 °C for the SCT [26], -7°C for the Pixel and 0°C
for the Pixel optoloops [25], during normal running conditions. Later, instead of
having a constant sensor temperature, a constant coolant temperature approach
was adopted. Because of the overall thermal resistance between the silicon and
the cooling fluid; formed by the silicon module’s internal thermal resistance, the
thermal resistance between the silicon module and it’s mounting point to the
cooling stave and the heat transfer inside the cooling pipe to the fluid, the refrig-
erant’s temperature was defined to be -25°C or less [33] [28]. Later calculations
(see Chapter 3) showed that with updated operation scenarios, updated values
for the predicted luminosity, depletion voltage and leakage current and based on
the thermal runway limits it is possible to guarantee the inner detector’s thermal
stability with the coolant’s evaporation temperature below or at -15°C .

To avoid condensate on detector parts, sub-detectors must be kept inside a
dry environment flushed with cold dry nitrogen. With respect to the rest of the
experiment, the ATLAS SCT and Pixel sub-detectors must be kept thermally
neutral. To achieve these goals the sub-detectors are housed in thermally insu-
lated enclosures which have heating pads on the exterior to maintain an external
temperature of 20 °C. Only non-corrosive, non-electrically conductive, non-toxic,
radiation hard and non-flammable refrigerants can be used as a coolant in the
system.

All materials used in ATLAS inner detector must be non-magnetic, radiation
hard and minimize the amount of extra material in sub-detectors, to achieve this
the size of pipes and all other parts of the detector structure of the cooling system
must be as small as possible.

Originally the predicted total integrated luminosity for LHC was 730 fb~! [6]
over the 10 years operational period. In Phase 0, it was assumed to operate
the LHC at low instantaneous luminosity of approximately 1033 cm™2s~! and

after the upgrade to LHC Phase 1 operation, the luminosity to approximately
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1034 cm™2s7!. Therefore radiation will cause ageing of the silicon modules (de-
pletion voltage and leakage current), so the ID evaporative cooling system must
be able to remove much more heat from detector modules at the end of the LHC

running period (see Chapter 3).

2.3 Refrigerant Choice

Several studies were performed, to choose the most suitable refrigerant for the
desired evaporation temperature of -25°C. [34] [32] [35]
Table 2.1 [34] shows a comparison of the C3Fg refrigerant with other common

industrial and commercial refrigerants having similar evaporation temperatures.

R218 | HFC- | HFC- | R-404a | R-407c | R717 | R116

(C;Fg) 134a 143a (NH;) (CQF@)
Boiling point at 1 bars[°C] -36.8 -26.1 | -47.3 -46.8 -43.6 -31.6 -78.2
at -25°C
Saturated Vapour Pressure P, [bar,] 1.67 1.07 2.62 2.47 1.72 1.52 9.01
Latent Heat of Vaporization L [kJxkg™!] 102 216 209 190 236 1345 86.4
Liquid Phase Density P’ [kgxm™?] 1565 1371 1104 1243 1321 672 1332
Vapour Phase Density P” [kgxm™3) 16.4 5.53 11.8 12.8 7.64 1.28 7.2
Liquid Phase Viscosity ' [pPaxs] 268 373 216 246 284 240 172
Vapour Phase Viscosity p” [uPaxs] 10.3 9.82 | 104 9.88 9.88 9.2 11.8
Critical Temperature tq.;; [°C] 72 101.1 2.7 72 85.6 132.3 19.9
Critical Pressure P, [bar,] 26.7 40.6 37.6 37.2 46.1 113 30.0

Table 2.1: Comparison of Refrigerants.

Since C3Fg has the lowest latent heat of vaporization, although having the
highest density compare to other refrigerants (excluding CoFg), C3Fg has to have
the highest mass flow to cope with the SCT and Pixel sub-detector cooling sys-
tem requirements. Therefore C3Fg is not the best choice, but other commercial
or industrial refrigerants (listed in table) contain both fluorine and hydrogen.
Under ionizing radiation fluorine can create corrosive and toxic hydrofluoric acid
by reacting with contained hydrogen, therefore increasing risk of serious damage
to the detector; and ammonia (NHj3) is toxic so can not be used in ATLAS under-
ground areas because of safety reasons. On the other hand CyF¢ has even lower

latent heat of vaporization than C3Fg, lower boiling point at 1barg,,, very low
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critical temperature and most importantly very high saturated vapour pressure
making it not suitable for use in the inner detector cooling system because of
safety reasons.

As an advantage, C3Fg has a good heat transfer coefficient, low saturated
vapour pressure, which is still above the atmospheric pressure, therefore secur-
ing the system against influence of Ny, COy or Air from surrounding environ-
ment. and most of all, C3Fg gives lower pressure drops in return pipes allowing
their comparably small size and relatively bigger overall pressure drop budget in
system [34] [32].

Therefore, C3Fg was chosen as the refrigerant for SCT and Pixel sub-detector

Evaporative Cooling System.

2.4 System Design and Architecture

In the ATLAS inner detector evaporative cooling system the C3Fg refrigerant is
recirculated through the on-detector cooling system and the off-detector cooling
plant. Schematic of the ATLAS inner detector evaporative cooling system is
presented in Figure 2.1 [33].

The evaporative cooling system has been built to guarantee a total cooling
capacity of 7T0kW with a target temperature on the detector structure of -25°C
and be capable to supply the refrigerant’s total mass flow rate of 1130 gs™" [33].

A constant flow system is adopted over the varied flow system since it has
several advantages and conforms to the ATLAS sub-detector’s cooling require-
ments. With the constant flow approach (where the flow in each cooling circuit is
fixed by the corresponding throttling element), regardless of the heat load on the
detector modules, the pressure for each circuit is regulated at a constant value
by the pressure regulator, keeping the refrigerant fluid inside the inlet lines above
the saturation point at room temperature. This guaranties that refrigerant de-

livered to the detector structure is in liquid phase and the full enthalpy budget
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Figure 2.1: Schematic of the evaporative cooling system main plant.

can be used for cooling the modules. Pressure in the refrigerant return line for
each circuit is also controlled to be a fixed value by back pressure regulator and
the custom made inline heater allows the remaining liquid to be boiled and the
vapour to be heated up above the cavern dew point. Therefore fixed flow system
allows liquid supply lines that are not thermally isolated from the distribution
racks to the detector structure and vapour return lines that are not thermally
isolated from the detector structure up to the racks in the ATLAS underground
cavern. A varied flow system would require an additional sub-cooling of the lig-
uid supply lines outside the detector structure. This would be necessary to keep
the inlet fluid temperature below the saturation temperature over the full range
of mass flow changing according to the heat load on the detector modules. This
would demand the thermal isolation on the inlet lines from the distribution racks
down to the detector structure and that would be an obvious disadvantage of
the system as described above in Section 2.1. The fixed flow system is also a

simpler system from the control point of view compared to the varied flow sys-

43



CHAPTER 2. EVAPORATIVE COOLING

tem. The control of the varied flow system requires feedback of the temperature
at the exhaust of the detector structure cooling circuits to vary the flow in the
system as a function of the heat load on the detector modules, but in the fixed
flow system control is provided only for the inline exhaust heaters on each cooling
circuit line therefore making it simple to manipulate each cooling line when the
overall system is running in a steady state. It is also possible to have variable flow
system where the flow rate is changed by the needle valves instead of capillaries
and inlet and outlet pressure for each circuit is regulated at a constant value by
the pressure regulator. Disadvantages of this kind of variable flow system are:
having extra material introduced in the inner detector volume since the variable
flow needle valve is more massive than a capillary; system is less reliable since
it has more complex parts than a simple capillary; complex control system and
additional cables for control and power to the needle valve. With respect to all of
these advantages described above the constant flow system was chosen over the
varied flow system for the cooling of the ATLAS inner detector.

The cooling cycle of the ATLAS inner detector evaporative cooling system
is explained starting at an arbitrary point in the cooling cycle. The refrigerant
(C3Fg) in liquid phase from the storage tank is transferred in non-thermally iso-
lated, warm (above the cavern dew point) feed lines to the four distribution racks
located in the ATLAS UX15 cavern. The four distribution racks, each correspond-
ing to an inner detector quadrant, are located on the support structure surround-
ing the ATLAS detector. These structure/platforms called “HS platforms” [10]
are used for the access of the personnel to the detector and for the support of all
the equipment that should be located close to the detector. The layout of one of
the distribution racks is presented in Figure 2.2 [33].

Distribution racks are places two on either side of the experiment with one
on a side at ~10 meters above and one at ~10 meters below the beam inter-
action point. After these racks, the feed lines are split into 204 independent
liquid inlet lines (116 of the SCT and 88 of the Pixel system). Through these
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Figure 2.2: The layout of the distribution rack

lines liquid is delivered to the detector structure. In the inner detector struc-
ture the coolant is sub-cooled in the inline recuperative heat exchangers (HEX)
(Subsection 2.5.3) by the return fluid of the same circuit. After the throttling
elements (capillaries) (Subsection 2.5.2), the coolant pressure is significantly re-
duced defining the coolant’s evaporation temperature. This pressure is controlled
by a back pressure regulator in the return lines in the distribution racks. After
the evaporator (the cooling pipes attached to the SCT or Pixel modules), any
remaining return liquid needs to be boiled off, therefore custom made Heaters
(Subsection 2.5.4) are installed on the return lines in the inner detector volume
to boil any remaining liquid in the system and heat up the vapour above the
cavern dew point to allow warm, non thermally isolated, return lines. Warm

vapour is then delivered back to compressors in USA15, where it is compressed
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to 17barg,s and increases in temperature to 90 °C. The minimum suction pres-
sure of the compressors is 0.8 bary,; this defines the minimum back pressure in
the system measured at the end of the vapour return pipe at the distribution rack
on the detector side of the back pressure regulator to be ~1.2 bar,,s; given by the
0.8 bar s, plus 200 mbar,,, safety level for the PLC control system (Section 2.6),
plus 150 mbar,,s pressure drop in the return pipes from the compressor to the
distribution rack and plus 50 mbar,,s pressure drop over the back pressure reg-
ulator. Then the hot vapour is transferred to the condenser where it condenses
from 90 °C to 52 °C and in liquid phase is delivered to the storage tank. Just after
the storage tank liquid refrigerant is cooled by the station’s sub-cooling to 17°C
at 16 bary,s pressure and is delivered to the distribution racks for the continuous
running cycle.

The overall thermodynamic behavior of the system is shown on the Pressure-

Enthalpy diagram in Figure 2.3.
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Figure 2.3: Phase Diagram of the ATLAS Inner Detector Evaporative
Cooling System.
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Each of the stages described above can be seen on the P-H diagram and are
given below:

From point C to point D; refrigerant in liquid state from the storage tank
is sub-cooled by the plant’s additional sub-cooling system from 53°C to 17°C
at 16 bary,s and is delivered to the distribution racks. The line from point D
to point Dy corresponds to the pressure drop over the pressure regulator in dis-
tribution rack when pressure value on the pressure regulator is set to 14 bar,ps
or 12bar,,s. This is necessary to cope with the hydrostatic pressure in the in-
let liquid lines formed by the top and the bottom position of the distribution
racks relative to the inner detector position as it is described above, and to en-
sure the inlet liquid pressure on the detector side (before the heat exchanger)
is equal to 13 barg,, for each cooling circuit. Point Dy to point D3 corresponds
to the detector’s sub-cooling system (Heat exchanger) (Subsection 2.5.3) where
inlet liquid is sub-cooled to -15 °C by the counter flow liquid remaining in exhaust
line to provide as big an enthalpy budget as possible. Point D’y corresponds to
the temperature safety margin; expected temperature rise in the ATLAS UX15
cavern is unknown, therefore worst scenario prediction was assuming inlet liquid
temperature to be = 35°C therefore rising the sub-cooled inlet liquid temper-
ature to ~0°C, but this effect never been observed over the operation period
since the room temperature in the ATLAS UX15 cavern did not change. The
line from point D3 to point E corresponds to the significant pressure drop over
the throttling element (Capillary) (Subsection 2.5.2); In this figure a pressure
drop to 1.67 barg, is shown, which corresponds to an evaporation temperature
of -25°C. The part between the points E and E’ corresponds to the coolants’s
evaporation process in the detector structure. The silicon modules of the detec-
tor are cooled down by latent heat of the coolant. High efficiency of the heat
exchanger leads to the lower input liquid temperature to the capillary, therefore
to the lower input vapour quality at the entrance of the detector cooling structure

(Cooling Stave)(Subsection 2.5.1), giving bigger enthalpy budget and increasing
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cooling capacity of the system for a given mass flow and back pressure in the sys-
tem. Expected vapour quality at a nominal detector power and a nominal inlet
and outlet pressure set point for the inlet liquid is 0.15 and for the exhaust is
0.78 [33]. Point E’ to point F corresponds to the amount of the enthalpy used in
the heat exchanger to cool down the inlet liquid. From points F to F’ refrigerant
vapour is warmed up by the heater to 20°C. Vapour at room temperature is
therefore returned to the compressor. The section from F’ to A corresponds to
the pressure drops over the return lines, from the exit of the heater to the front
of the compressor; including pressure drop over the 30 m pipes from the detector
structure to the distribution racks, over the back pressure regulator and over the
return lines from rack to the compressors in USA15. Between points A to B
vapour is compressed at 17 bar,,s and 90°C and is delivered to the condenser.
From point B to point C the vapour condenses inside the condenser into liquid
at 53 °C and is delivered to the storage tank for for the continuous running cycle.

As mentioned above, the overall pressure drop over the system must be able
to maintain an evaporation pressure over the detector structure (cooling stave)
~1.67 bar,,, to be able to reach a stable -25°C as a coolant temperature, in the
case of minimum possible back pressure in system of 1.2 bar,,s measured on the
detector side of the back pressure regulator. This requirement gives a pressure
drop budget limit of only 470 mbar, from the detector structure (stave) to the
back pressure regulator.

The pressure drop budget for inlet line is less critical, because it is driven
by minimum pressure in the condenser and minimum pressure before capillaries,
and is set to 1bar. The system allows a maximum inlet pressure of the liquid
to be 16 bary,s on the off-detector cooling plant side of the pressure regulator for
each cooling circuit (pressure regulator on the distribution rack). Therefore, inlet
pressure value on the on-detector side of the pressure regulator (pressure from the
distribution rack to the entrance of the capillaries) can be set to 12 bar,,s and/or

14 barg,s in respect of the atmospheric pressure difference for upper and lower
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racks; Since distribution racks for the top quadrants of the detector (quadrant 1
and quadrant 2) are placed ~10 meters above and for the bottom quadrants of
the detector (quadrant 3 and quadrant 4) ~10 meters below the beam interac-
tion point, the hydrostatic pressure difference in liquid line must be taken into
account to ensure stable 13 bar,,, pressure before the entrance of the capillaries
for each cooling circuit. Calculation of the hydrostatic pressure in the liquid line

is presented below:

P=pxgxh
P =1358.9 x 9.8 x 10
P = 133172.2Nm?[Pa)
P = 1.331722[bar]

Where:

P - Hydrostatic pressure [Pa or bar].

p - Density of fluid C3Fg (at 12bar,,, and 20°C) [kgm™3].
g - Gravitational acceleration [Nkg™!].

h - Hydrostatic head [m)].

Of course this is a very academic way of calculation. In reality it is difficult
to precisely calculate the hydrostatic pressure since the routing of the inlet liquid
pipes is very complicated; distance between location of the top and the bottom
distribution racks and location of the heat exchange and the capillaries mounted
on the detector structure is approximately measured to be 10m; value of the
fluid density used in the formula is defined for 20°C, when temperature of the
environment around the inlet liquid pipes in ATLAS underground cavern changes
depending on the place and in worst case scenario expected temperature rise can
be up to ~35°C. Therefore pressure values set on the pressure regulators for
each cooling loop or each quadrant are empirically adjusted, based on the return

vapour temperature and silicon sensor temperature.
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For the ATLAS inner detector evaporative cooling system inlet pressure value
of 13 bar,s has been chosen to prevent the fluid from boiling in the inlet supply
lines and keep the delivered refrigerant’s vapour quality close to zero; Satura-
tion temperature of C3Fg at 12barg,,s (with respect of the hydrostatic pressure
as described above) equals 37.5°C and is still above the maximum expected tem-

perature in system 35 °C.

2.5 On-Detector parts of the System

The cooling Stave, throttling element (Capillary), Heat Exchanger and exhaust
vapour Heater are called the “on -detector” parts of the ATLAS inner detector
cooling system. These parts, for each cooling circuit, are mounted into the in-
ner detector structure itself and therefore they are not accessible and cannot be

changed. Each item is discussed in detail in the following sub-sections.

2.5.1 Cooling Stave

The stave is the part of the cooling system where evaporation occurs. As de-
scribed above, by dropping the refrigerant’s pressure after the capillary, the
coolant changes state (from liquid to vapour) and starts evaporating, removing
heat from the detector modules.

The SCT Barrel Stave is an assembly of eight straight Copper-Nickel (Cu-Ni)
tubes. Pairs of tubes are connected together by an insulated pipe joint to form
an electrical break in the cooling tube. Two sets of “U” shaped pipes are formed
by connecting together two of these longer tubes by a short “U” shaped tube.
These two long “U” shaped pipes are connected together by a manifold. The
stave therefore has two inlets, one per “U”-shaped tube and one outlet, which
is the manifold outlet. A detailed drawing of SCT Barrel stave is presented in
Figure 2.4. The inner diameter of the stave tube is 4mm and wall thickness

equals to 70 um. 48 special mounting blocks are soft-soldered to the straight
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parts of the tube, 12 per leg of each “U”, and detector modules are fixed to these
blocks. Two Capillaries are connected to each stave by an inlet connector, one

for each “U”-section, forming “double flow” of coolant in the stave structure.
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Figure 2.4: SCT Barrel Stave
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The SCT End-Cap Stave is manufactured from copper-nickel (Cu-Ni) pipes
with 70 um wall thickness and 3.74 mm outer diameter. An example drawing of
the SCT End-Cap disc with one cooling circuit and several modules mounted on
it, is presented in Figure 2.5. Cooling circuits are manifolded together on the
exhaust side to form four quadrants on each disc. A typical disc quadrant has
three cooling circuits; outer, middle and inner cooling loops. Different numbers of
modules are mounted per loop (outer = 52; middle = 40; inner = 40;), therefore
forming a different heat load per loop and requiring different coolant mass flow.
To cope with this, two separate types of capillaries (one capillary per cooling
loop) were chosen; one type for the inner and middle loops and another type for
the outer cooling loops (Subsection 2.5.2). Cooling is supplied to the modules
via “main” and “secondary” carbon-carbon cooling blocks soft soldered to the
cooling circuit.

Pixel Barrel stave is comprised of a D-shaped Aluminum (Al) tube with a
Hydraulic diameter of 4.17 mm and the wall thickness of 0.2 mm. 112 stave tubes
form the three cylindrical layers of the barrel part of the pixel detector cooling
structure. 13 sensor modules per tube are glued on the Carbon-Carbon Thermal
Management Tile which is fixed to the Aluminum pipe by 0.3 mm thick carbon
fiber reinforced plastic. Neighbouring pairs of these stave tubes are connected to
each other by a custom made “U-shape” connector to form what is known as the
“Bi-Stave” [36]. Inlet and exhaust of a single “Bi-Stave” are always on the same
side; 56 Bi-Stave assemblies correspond to the 56 Pixel Barrel cooling loops; A
picture of a pixel Barrel Bi-Stave with U-shape connector and mounted detector
modules is shown in Figure 2.6 and the pixel Barrel stave profile is illustrated in
Figure 2.7

The Pixel Disc (endcap) stave is an Aluminum (Al) tube bent into a W-like
shape and is trapped between the carbon composite sheets and the carbon foam
in between the sheets with the thermally conducting adhesive [37]. There are

three discs on each side of the forward regions. Omne disc consists of 8 sectors
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| 18 Detector module active region

Module glue

Thermal Management Tile (TMT)

Epoxy glue

Carbon Fiber Reinforced Plastic

Thermal grease

D-Shape tube

13

Figure 2.7: Pixel Stave Profile

with 6 modules mounted in each sector. Disc and barrel modules are identical
except for the power cable connection. Stave tubes in the two neighboring sectors
are connected to each other having one inlet and one exhaust and forming one
quadrant of the Pixel disc cooling structure. Therefore each cooling circuit in
the disc region serves two sectors (one quadrant). In total 24 cooling loops are
used for the cooling of six Pixel Discs (endcap) on the both sides of the detector

structure.
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The remaining 8 cooling loops (out of 88 Pixel circuits) provide the cooling
of the opto-boards by running the refrigerant through the cooling pipe attached
to the bottom of the opto-board and keeping board temperature below 20°C.
Opto-boards are located inside the four per side of the detector structure services

quarter panel boxes [38].

2.5.2 Capillaries

Capillaries (throttling elements) are used to control the refrigerant mass flow in
the cooling circuits. Due to the different number of modules per loop and differ-
ent heat load per loop for SCT barrel, End-Cap and Pixel circuits, different mass
flow is delivered by using five different types of capillaries. Mass flow through
the capillary depends on the inner diameter and length of the capillaries. It
increases with inner diameter and decreases with length, as well increasing with
pressure drop over the capillary and decreasing with rising liquid temperature be-
fore capillary. But, as described above, the pressure drop over the cooling circuit
is fixed by inlet liquid pressure and outlet vapour back-pressure regulators and
the temperature before the capillary is fixed by the Heat Exchanger’s efficiency,
therefore only by changing capillary length and inner diameter a different mass
flow can be set for each group of cooling circuits. Because it is very difficult to
do predictions and exact calculations in the case of two phase flow, an empirical
approach was chosen to determine the required length and inner diameter of the
capillaries for different flow settings. Several measurements were done on a test
station [33] to define the necessary parameters and they were tuned individually
for each capillary. Table 2.2 represents the nominal design parameters for five
different groups (type) of capillaries.

The capillaries are annealed copper nickel (Cu/Ni30Mn1Fe) tubes, with wall
thickness of 0.2 mm.

In the ATLAS ID evaporative cooling system different capillaries are used for

the different sub-detector cooling loops depending on the required mass flow. For
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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

Table 2.2: The capillary nominal design parameters.

the SCT Barrel loops there are two capillaries connected to the stave pipe forming
double flow in it. For the SCT endcap cooling loops there are 2 or 3 capillaries
used depending on the disc (number of modules mounted on the disc) that is
served; as described above in Subsection 2.5.1, one SCT endcap cooling circuit
serves one quadrant of each disc; out of 72 SCT endcap cooling circuits 64 have 3
capillaries and 8 have 2 capillaries (since the two most outer discs have only outer
modules mounted on them). The remaining cooling capacity (extra third line)
of these 8 cooling circuits is used to supply cooling for the low mass tapes of the
endcap. These cooling lines are routed on the outside of the endcap (inside the
thermal enclosure) to cool the tapes that supply power to the modules. In the
Pixel cooling loops regardless the Barrel, Disc (endcap), or opto-board cooling,

only one capillary is used per cooling loop.

2.5.3 Heat Exchanger

The Heat Exchanger (HEX) is a counter flow devices which uses the returning
refrigerant’s entropy, from the detector cooling structure, to cool down the in-
coming liquid. The efficiency of the HEX defines the coolant temperature before
the capillaries, so lowers the input vapour quality and gives bigger budget for
refrigerant’s enthalpy to cool the detector structure. Therefore by increasing the
HEX efficiency the cooling capacity of the system can be increased. The efficiency

of the heat exchanger can be calculated according to the following equation [33]:
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To—Th

",

Where:

n - Efficiency of the heat exchanger.

Ty - Inlet liquid temperature [°C].

T; - Inlet liquid temperature after the sub-cooling [°C].

T, - Evaporation temperature in the cooling stave [°C].

The functionality of the SCT Barrel, SCT End-Cap and Pixel Heat Ex-
changer’s is absolutely similar, but because of geometrical limitations, the design
of HEXs was done in different way, to match requirements for each sub-detector’s
cooling performance (Section 2.2).

The inlet line for each HEX is equipped with a “Screen” type filter, having
264 0.5 mm diameter holes, to prevent the passage of small items and protect
capillaries from blocking. Heat exchanger’s inlet line (at the inlet liquid con-
nector) and outlet line (at the return vapour connector) are connected to the
off-detector structure via a peek based electrical break to electrically isolate the
detector structures from the rest of the ATLAS experiment (see HEX schematics
below). The SCT HEXs are made from Cu and CuNi pipes and Pixel HEXs are
made in Aluminum.

For SCT Barrel HEX, the inlet line is split before the HEX into two straight
tubes, passing inside, all over the 150 cm length of HEX. A schematic drawing
for SCT Barrel Heat Exchanger is presented in Figure 2.8.

Because of space limitations for SCT End-Cap Heat Exchanger, it was decided
to make it much shorter (37 cm), but with inlet pipe coiled inside the HEX, so it’s
efficiency is increased by increasing inlet line’s contact surface area with vapour
return line. A schematic drawing for SCT End-Cap Heat Exchanger is presented
in Figure 2.9.
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Figure 2.8: Schematic Drawing of SCT Barrel Heat Exchanger
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Figure 2.9: Schematic Drawing of SCT End-Cap Heat Exchanger

A simpler approach was adopted in the construction of the Pixel Heat Ex-
changers. Because of the sufficient possible length of HEX (1500 cm), the required
heat transfer efficiency was achieved just by gluing the inlet line to the outside
surface of the vapour return line. A schematic drawing for the Pixel Heat Ex-

changer is presented in Figure 2.10.
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Figure 2.10: Schematic Drawing of Pixel Heat Exchanger

In case of a sudden change of heat load on the detector cooling structure, or
in case of different operation modes (Section 2.6) causing quick change of return
vapour quality the Heat Exchangers are still able to function properly and return

to stable running conditions in a short time.

2.5.4 Heater

Heaters mounted on each return line of the evaporative cooling circuit are used to
evaporate any remaining liquid coming from the cooling stave back to the com-
pressor, and keep the refrigerant’s temperature above the cavern dew point, to
avoid condensation on non-thermally isolated long exhaust pipes from detector to
compressor room. Heaters for the SCT Barrel, End-Cap and Pixel sub-detector’s
cooling circuits have a simple design, but are very efficient. A coiled heating ele-
ment is placed inside of the heater’s body (tube) and is in touch with tube’s wall.
Since the heating element is in direct contact with the coolant, with the given
geometrical limitation of heater’s length and diameter, the present heaters are
efficient enough to boil all the liquid and to raise the temperature of the refriger-
ant at the exhaust above the 20°C. Design parameters of the heaters have been
selected in order not to exceed a safety/maximum temperature of the heating
element of 100 °C and at the same time keep the pressure drops across the heater

within a budget of 50 mbar. This was achieved by keeping the free internal di-
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ameter of the heater sufficiently large, shown in Table 2.4. Measurements of the
pressure drops over the heaters were performed for the design massflows and a
range of detector power loads to confirm the pressure drops over the heaters. De-
sign parameters of Heaters (and Heating elements), used in SCT Barrel, End-Cap

and Pixel sub-detectors’ cooling circuits, are presented in Table 2.3 and 2.4 [33].

Nominal
Power Heater Design Resistance
CIRCUIT Load on Design of hot Material of hot wire
current .
The Power wire
Detector
W W A Q
SCT Barrel 504 960 9.6 10.27 Ni 80/20
SCT EC 346 650 6.5 14.93 Constantan
Pixel barrel/opto-boards 220 480 4.8 20.23 Constantan
Pixel discs 110 260 2.6 38.01 Ni 80/20

Table 2.3: Design Parameters of Heater.

[
£ | £ | 5 | %
Heater | Heating| & =4 = g Heat
CIRCUIT Tube | Wire | = < & S | transfer | Specific
ID/OD | OD k) B 3 © area heat flux
T 0 ®} 9]
&
mm mm cm mm mm mm mm? W/cm?
SCT Barrel 14/16 2 331 397 4.6 10 208 4.55
SCT EC 11/13 1 363 390 3.3 8.7 131 4.81
Pixel barrel/opto-boards | 11/13 1.15 373 390 3.3 9 117 3.98
Pixel discs 11/13 1.15 402 390 3.0 8.7 145 1.77

Table 2.4: Design Parameters of Heater (Heating Element).

Because of the requirement of non magnetic materials in ATLAS, all the
metallic parts (except heating wire) of the heater are made in stainless steel
ATST 304L/316L. The joints between the sections of tubes and the fittings are
orbital welded. Power cables from heating element (ceramic insulated custom
made connectors) to LEMO connectors are kapton insulated. Cable’s outer di-
ameters are approximately 2.4mm for the thermocouples and 1.6 mm for the
power.

Heating element is a heating wire, electrically isolated by compressed elec-

trical insulating powder (Magnesium oxide) and is divided in “hot” and “cold”
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parts. The hot part, made in Constantan (copper-nickel alloy) or Ni80/20, is
the electrically resistive section and is part located inside the heater body and
the cold part, made in copper with low electrical resistance, is the part outside
the heater body up to the ceramic insulated custom made connectors. This cold
section also goes into the heater a little such that the hot part is truly inside the
heater body.

DC high voltage power supplies are used for the heaters power source. This
minimizes the injection of noise to the ID from the heaters during operation, and
minimizes the size, occupancy and cost of cables. Heaters are powered with a fixed
voltage of 110V, to respect safety requirements. To provide the required power
to boil the fluid in the heater and warm it to 20°C, and no more, the heaters
are switched on and off in accordance with the temperature of the outside of the
copper pipe just after the heater. The copper pipe temperature is assumed to
follow the fluid temperature.

The Distributed Power Supply (DPS) system, delivering total 160 kW of
power to the heaters, is divided into four racks and distributed on both sides
of the experimental cavern. Half of the racks are located in the USA15 and half
in the US15 caverns. This is done to minimize the length of the power cables
from racks to the detector.

To prevent the C3Fg refrigerant from excessive temperature the hottest point
(in line with the end of the hot section of the heating wire at the outlet of
the heater) of the outside of the heater is measured. If this temperature goes
above 100 °C (sufficient safety margin with a C3Fg decomposition temperature of
200°C) the power to the heater is turned off (interlock). The control of the power
to the heater is preformed by four 64-channel Programmable Logic Controllers
(PLC) which are located in USA15 service cavern. They are used to control all
204 heaters of the evaporative cooling system. As explained in Section 2.6, to
control power delivered to the heater and monitor heater temperature (interlock

to protect against overheating of the heating element), each heater is equipped
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with two (main) temperature sensors. The PLC takes readings of the control
temperature signal and turns on and off the heater as required to maintain the
vapour temperature close to 20°C with the use of metal-oxide-semiconductor
transistors in DPS racks. The PLC can also completely switch off the supply to
the heater in case of interlock signal. Remote control (switching ON or OFF) of
DPS power supply racks in US15 and USA15 cavern is also provided by PLC.

From the point of mechanical design, there are two types of heaters for each
sub-detector groups, “Short” and “Long”. Drawing of SCT Barrel Heater (Long)
is presented in Figure 2.11. For “Short” type of heater, the only difference is the
length of pipe, on both sides of heater’s main body, to connectors. (For SCT
Barrel heater it is 20 mm and 18 mm, instead of 65 mm and 94 mm).

Originally it was planned to install the Heaters inside the inner detector
volume, but for safety reasons and the opportunity to have better access, in
case of malfunctioning, the Heaters were installed on the inner detector cryostat
flange. This required mechanical modifications for Heaters, return pipes and ca-
bles. Modification done to SCT Barrel, End-Cap and Pixel Heaters are shown

on drawings Figure 2.12 and Figure 2.13.
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Figure 2.12: Modifications for SCT Barrel and EC Heaters
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Figure 2.13
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2.5.5 Heater Pads

Since the Semiconductor Tracker (SCT) operates at a cold temperature, lower
than the Transition Radiation Tracker (TRT) which surrounds it, an abrupt
thermal transition must be provided by heating the exterior of the SCT thermal
enclosure. This is achieved using “Heater Pads” attached to the outside of the
SCT thermal enclosures. The soft thermal transition prevents the TRT (oper-
ating on room temperature) from damage and prevents the SCT from forming
condensate in time of service maintenance. Thermal enclosures as well contribute
to structural integrity and prevent mixing of gases between different sections of
the ID.

Heater pad represents a single physical piece of polyimide sheet with one or
more Heated Areas, heated by spirally shaped heating elements (resistor). The
supply of electrical power to the heater pads and monitor of their temperature
is provided by 48 volt Heater Pad Control System [39]. Control parameters
are set and status information like temperatures, alarms and ON/OFF statuses
are monitored by the Detector Control System (DCS) from FSM panel (Section
2.6). A simple schematic of the Heater Pad Control System is presented in
Figure 2.14 [39].

DCS
DSS Processors L
mains 48V - [i' - _R
power swmes
Heater pads

g

Control system

Figure 2.14: Simple schematic of the Heater Pad Control System.

All main electrical parts of 48 V Heater Pad Control System are mounted on
two racks, separately located in US15 and USA15 service caverns. Communi-
cation to the DCS is provided through the CANBus connection. 48V power is
delivered to heater pads through Switching Cards. Controlled by ELMB pro-
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cessor, Switching card sends power pulses to resistive heating elements of each
Heater Pad separately. The cycle time is about two seconds. One custom made
Controller card is installed separately into each system racks, used to control the
Request (REQ) and external Enable (EN) input or Reset signals to the Switching
Card sent from Detector Safety System (DSS) and monitoring signals sent to the
DCS. For safety reasons and for high reliability each Controller Card is powered
by two separate and independent 24 volt power supplies. Switching Cards and
Controller Cards are installed and connected into the crates (mounted into rack)
using the AMP connectors and Positronic connectors. 1.6 A self-resetting fuses
are used to individually protect each switching element. For system safety, DSS
is able to cut power to heater pads regardless of any state or condition of software

or any ELMB card.
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2.6 Control System

For the ATLAS ID different operation modes are foreseen, meaning different
running conditions for the SCT and Pixel sub-detectors, different thermal con-
ditions for sub-detector layers and different thermal conditions for “’Start Up”,
“Normal Run” and “Shut Down” procedures. Therefore, a reliable Control Sys-
tem is necessary to monitor and maintain the control set-points of the evaporative
systems, namely; inlet/outlet pressure, heat load, different evaporation temper-
ature (pressure), separately for each cooling circuit. The control System of the
inner detector evaporative cooling system is part of the overall ATLAS Detec-
tor Control System (DCS) [15], which is responsible for the control and monitor
of the supply of powering, cooling and other necessary control signals. DCS as
well ensures the full protection of the detector from any failure or error con-
ditions, by rapid software actions or by direct hardware interlocks. The DCS
also supplies safe communication between the subsystems and data acquisition
system (DAQ) [40].

All parameters and values of the inner detector evaporative cooling system are
defined and monitored from a Finite State Machine (FSM) [15] panel, which is
based on the software platform PVSSII [14]. FSM is a framework, which controls
and monitors the behavior of a system, based on logical connections/links between
system status, working state, actions and events.

The FSM of the Inner Detector infrastructure is hierarchically structured,
reflecting the sub-systems, sub-detectors and their quadrants (“Q1”, “Q2”, “Q3”,
“Q47), as well as each cooling loop. Screen shot of the general view of the FSM
control panel is presented in Figure 2.15.

The control of the main plant is based on a standard Programmable Logic
Controller (PLC). Set parameters (values), temperature and pressure values, all
warnings and alarms are transfered to the PLC (located into the USA15 cavern),
so it takes necessary actions to maintain detector cooling and keep detector in

safe state.
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Figure 2.15: Control System FSM Panel

As mentioned above, the control system is able to maintain and monitor
general performance of evaporative cooling system as well as all parameters for
each cooling circuit. Figure 2.16 represents the screen shot of the FSM control
panel for the one cooling circuit.

Each cooling loop is supplied with several temperature and pressure sensors.
“S1” and “S2” sensors (one of which is redundant), located on the exhaust part
of the detector structure, are used to monitor refrigerant temperature on exit
of detector and serve as interlock in case of cooling malfunctioning. There is
one more sensor, attached to the detector structure, to monitor the detector
temperature and serves as an interlock as well. The “C1” temperature sensor
is located on the inlet liquid line after the recuperative heat exchanger, and

is used to monitor the inlet liquid temperature before the capillaries. The “C2”
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Figure 2.16: Control System FSM Panel (for the one cooling circuit)

sensor, located on inlet pipe before the HEX, serves as an inlet liquid temperature
indicator. By comparing temperature difference between these two sensors, the
Heat Exchanger’s efficiency can be calculated (see Subsection 2.5.3). There are
two (one redundant) temperature sensor attached to the Heater’s surface, serving
as an interlock signal, to ensure that the power is cut from the Heater, in case of
overheating. Two temperature sensors (one of which is redundant), located on
exhaust pipe immediately after the Heater, are used as a “control” temperature
by the PLC supplying power to the Heater (Subsection 2.5.4). “C31” and “C32”
temperature sensors are installed on the distribution rack branches to monitor
coolant vapour temperature and be sure it is above the ATLAS UX15 cavern dew
point (to avoid condensation on non thermally isolated pipes).

In each circuit the Inlet and Outlet coolant pressures are monitored by pres-
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sure transmitters mounted on the distribution rack branches, before the inlet-
pressure (PR) and the back-pressure (BPR) regulators.

In case of cooling malfunctioning, “warning” and/or “alarm” signals appear
on the FSM panel and the DCS sends the necessary action commands to the
PLC, which takes the required action, for example; putting the cooling circuit,

or entire system, into different operation modes.

Operation modes

Pressure and Temperature parameters of each cooling circuit, or entire system,
can be changed (adjusted) from the FSM panel (DCS), but in general there are
four predefined operation modes for the ID Evaporative cooling system:

ON mode. This is the standard run mode, when refrigerant circulates in
the cooling circuit and removes heat from the detector structure (modules). By
putting loops in ON mode, from the FSM panel, the DCS sends necessary action
commands to PLC: Inlet pressure and back pressure regulators are open (set to
nominal pressure and back pressure values), Heater power is on. Coolant in liquid
state is injected into circuit and PLC controls supplied heater power.

ON mode can be split into two different run modes, the “Cold” and the
“Warm” operation modes. The “cold” mode is standard /normal operation mode
for the detector, when back pressure is set to the value obtaining refrigerant’s

¢

evaporation temperature necessary to cool the silicon sensors, while the “warm”
mode is used only for the commissioning of the detector, allowing safe running
conditions, but keeping evaporation temperature and silicon module temperature
above the nominal value. Pressure set point values for “cold” and “warm” run
are presented in Table 2.5:

STB mode. This mode is used to safely turn off cooling circuits. In case
of planned turn off, or cooling system problems, the PLC receives a signal from

the DCS and closes the pneumatic operated valve installed in front of the inlet

pressure regulator (PR) as well closing Pressure Regulator, by applying vac-
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Cold Run
SCT Barrel
BPR 1.4 bar,
PR loops in Q1 and Q2 12 bar,
PR loops in Q3 and Q4 14 bar,
SCT EndCap
BPR 1.4 bar,
PR loops in Q1 and Q2 12 bar,
PR loops in Q3 and Q4 14 bar,
SCT Pizel
BPR 1.4 bar,
PR loops in Q1 and Q2 12 bar,
PR loops in Q3 and Q4 14 bar,
Warm Run
SCT Barrel
BPR 6.3 bar,
PR loops in Q1 and Q2 13 bar,
PR loops in Q3 and Q4 15 bar,
SCT EndCap
BPR 4.0 bar,
PR loops in Q1 and Q2 13 bar,
PR loops in Q3 and Q4 15 bar,
SCT Pixel
BPR 1.4 bar,
PR loops in Q1 and Q2 12 bar,
PR loops in Q3 and Q4 14 bar,

Table 2.5: Nominal Pressure Set Points for “cold” and “warm” run.

uum. Therefore refrigerant delivery to the detector cooling circuit in question is
stopped. The back pressure regulator stays open (is kept at its set-point) letting
the remaining liquid evaporate and expel from the circuit. In this case, tem-
perature of the cooling circuit does not fall to a value lower than the operating
value, securing the detector against thermal shock. Heater power is still on, but
required power is slowly reducing with the flow. When refrigerant flow in circuit
equals to zero and requested power for heater is also zero, loop can/should be

turned to OFF mode.
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OFF mode. Turning the loop OFF will fully open the BPR (by applying
vacuum to the dome) to allow the remaining vapour to return to the plant. This
would imply very low evaporation temperature in the cooling circuit, but because
only a small amount of vapour is left in the return lines the cooling effect will
be insignificant. PR and pneumatic operated valve stays closed and PLC still
controls power applied to heater, which normally equals to zero.

OFF state should never be applied to a loop which is full of liquid, to avoid
very low evaporation temperature (because of open BPR). Therefore it is not
recommended to move from ON mode directly to OFF mode.

LOCK mode. This mode is used for keeping unused loop(s) in safely closed
condition. In this mode, BPR is closed by applying high pressure on dome (&
7bar,), manual valve after the BPR is also closed due to the risk that the BPR
might leak. PR and pneumatic valve stay closed. Manual valves on each of the
liquid feed lines for the distribution racks are closed as well, due to the risk that

the PR or pneumatic valve might leak. Power supply for Heater is off.

Control of the Heater Pads

Control and monitoring of the Heater Pads (Subsection 2.5.5) is also maintained
from the Finite State Machine (FSM) panel. A screen shot of the FSM panel is
presented in Figure 2.17.

The heater pad branch of the FSM panel gives possibility to set the status
of the Control cards and the Crates (Enable or Disable); change or check the
status of each heater pad; monitor temperature over the each heater pad; monitor
temperature in the different ares of the SCT sub-detector (over the heater pad

area);
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Figure 2.17: Control System FSM Panel (for the Heater pad control)
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Chapter 3

The problem statement

The Evaporative Cooling System for the ATLAS Inner Detector is the largest
evaporative cooling system used in particle physics detectors to date. The large
system structure is custom made and is very complicated. As described in previ-
ous chapters, it consists of many different devices, piping structures, and control
systems and the proper operation of each part or device is critical for normal
running of the ATLAS Inner Detector.

After assembly, installation and commissioning of the system there were some
concerns raised about the consistency of system’s performance and working pa-
rameters, with reference to the requirements made in ATLAS Inner Detector
Technical Design Report [41]. These concerns were related to two major sub-
jects, firstly; the LHC and ID luminosity profile, depletion voltage and leakage
current (over the ID silicon sensor) predictions, and secondly; the pressure drop

predictions for the evaporative cooling system (piping structure).
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3.1 Luminosity, Depletion Voltage and Leakage Cur-
rent reassessment.

Obviously, it is very difficult to exactly predict the LHC luminosity, but origi-
nally in the TDR it was assumed, that for the first three years of operation the

average instantaneous luminosity would be 10?3 cm=2s7! and for the next seven

2571, This would make a total integrated luminosity of

years would be 103 cm™
approximately 730 fb~! over the 10 years of LHC operation period, assuming 116
operational days per year. After the first year of operation, these values were
recalculated in respect of existing data and future plans for high luminosity mod-
ifications leading to the high luminosity (HL-LHC) upgrade to the LHC (known
as Phase II operation of the LHC) [42]. For the new calculations of the depletion
voltage and leakage current of the ID silicon sensors the revised LHC luminosity
profile given in Table 3.1 was used. The HL-LHC upgrade is planned after 10

years of LHC operation, however to be conservative the luminosity predictions

used includes an extra 2 years of operation at Phase I instantaneous luminosity

levels.
N: Year Integrated luminosity Total integrated luminosity
fb—ly—l fb—l
1 2010 0.5 0.5
2 2011 3.3 3.8
3 2012 15 19
4 2013 19 38
5 2014 41 79
6 2015 42 121
7 2016 99 220
8 2017 132 352
9 2018 132 484
10 2019 145 629
11 2020 193 822
12 2021 242 1064

Table 3.1: Revised LHC Luminosity Profile

In comparison to the shutdown and temperature scenario predicted in the
TDR, given in Table 3.2, a set of updated and more detailed operational scenarios,

presented in Table 3.3, based on the operational experience of the ID system to
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date, were examined to have more detailed understanding of the ID sub-detector’s

cooling performance.

Attention was paid to the SCT barrel sub-detector, because it requires the

most cooling power and has the largest pressure drops due to system design and

coolant massflow.

Based on these scenarios (revised operation time and silicon module tempera-
tures), calculations were done to predict the change to the full depletion voltage,

leakage current and power dissipated by the silicon sensors as a function of lumi-

nosity, which is due to radiation damage.

Table 3.2: Operation Scenario.

Days Experiment Status Sensor temperature [°C|
116 Beam on -7
100 Beam off -7
2 Access +20
14 Maintenance +17
133 Beam off -7

Prediction from TDR.

Scenario Teensor fOr first 3 years Teensor fOr next 9 years
g g
55 55 55 § Sg|5g5 55 Sg § B
50d 116d 50d 23d 126d 50d 116d 50d 23d 126d
A -7°C -7°C -7°C 20°C -22°C
B 0°C 0°C 0°C 20°C_ -15°C
C 7°C 7°C 7°C 20°C -8°C -7°C -7°C -7°C 20°C  -22°C
D 15°C 15°C 15°C 20°C 0°C
E 25°C 25°C 25°C 20°C 10°C
F -15°C -15°C -15°C 20°C -30°C
G -10°C -10°C -10°C 20°C -25°C
(B) 0°C 0°C 0°C 20°C -7°C -7°C -7°C -7°C 20°C -22°C
H -5°C -5°C -5°C 20°C -20°C
I -0°C -0°C -0°C 20°C  -15°C
J 5°C 5°C 5°C 20°C 5°C 5°C 5°C 5°C 20°C 5°C

Table 3.3: Updated possible

operation scenarios.

7



CHAPTER 3. THE PROBLEM STATEMENT

Depletion Voltage and Leakage Current are indirect indicators of a silicon
sensor’s radiation damage (ageing process). Sensor ageing is a long term effect,

caused by several parameters [24]:

e High energy particles, from LHC interactions, causing displacements of
atoms in the silicon lattice, therefore changing effective doping concentra-

tion of near intrinsic silicon in p-i-n diode structure.

e Change in doping concentration causing rise of the voltage required to fully
deplete the p-i-n diode structure (full depletion voltage) (bias voltage ap-
plied to silicon sensor to form depletion region). For the sensor technology
used in the SCT the sensor must be fully depleted to give correct operation

and high resolution space points.

e Damage of atomic lattice and change in doping concentration causing rise

of leakage current for a given applied bias from the silicon sensor.

e The increase in the applied bias and the associated current gives rise to an
increase in the dissipate power from the sensor. If the cooling system is
not sufficient, this results in a rise in the silicon sensor’s temperature and

causes an additional rise in the leakage current and dissipated power.

The feedback process between a rise in leakage current and a rise in the
temperature of the sensor can lead to an uncontrolled rise in sensor temperature,
known as thermal run-away, if the cooling system is not sufficient. Therefore
proper understanding and control of the cooling system is crucial as the integrated
luminosity increases to protect against thermal run-away.

The sensor full depletion voltage (Vgep), as a function of received particle
fluence, was calculated based on the “Hamburg model” [43]. Parameters and

formulas used in calculation are presented in Table 3.4 [42].
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AN 4 (@,t) = N, (®,t,T)+ N (@) + N, (®,t,T)
Donor removal & stable acceptor N (tl)) = *Nco(]-* exp(, Cq))), 9. D

Unstable acceptor N,(®,t,T)=-g,Dexp(-0,(T)t/z,)
0, (T) = exp(E, (T, ~ VT )/ks)

Reverse annealing

1
NV(CD’I’T):_Q”D[l_ (1+®Y(T)t/rv)J

0y (T): eXp(EY (j/TR -yt )/ks)

Nefto = 1.026x10% cm™® E.=1.09 eV

Nco= O.7Neffy0 Oc = 0.017 cm‘l

¢ =0.075¢cm™/N¢o gy = 0.059 cm’*
g.=0.018 cm™ 7y = 480d (Tr=20°C)
72 = 55h (Tr=20°C) Ey=1.33eV

Table 3.4: Change in effective doping concentration and Depletion Voltage
Calculation.

where:

AN,ss - Change in efficient doping concentration;

N, - Beneficial annealing component;

N¢ - Stable annealing component;

Ny - Reverse annealing component;

Neyyo - Efficient doping concentration before irradiation;

Nc¢o - Final donor concentration after Beneficial annealing stage;
¢ - Removal constant for radiation induced removal of donors;
® - Fluence;

9(a,c,y) - Introduction rate for the given process;

T(a,y) - Annealing time constant for the given process;

t - Time;

T - Temperature;

Tgr - Reference Temperature;

E(4,cy) - Activation energy for the given process;

O(a,y) - Temperature scaling factor for a particular process;

79



CHAPTER 3. THE PROBLEM STATEMENT

Depletion voltage is calculated based on the following equation:

Viep + Vo = 522 | Noys|d?

2¢€€q

where:

Viep - Depletion voltage;

V, - Bias voltage;

e€g - Permittivity of silicon;

qo - Charge on an electron;

d - Thickness of the depletion layer (physical thickness of the detector at full

depletion);

Results for predicted depletion voltage, for a sub-set of the different operation

scenarios given in Table 3.3, are presented in Figure 3.1 [42].

350
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Figure 3.1: Predicted Depletion Voltage.

Equations used to calculate leakage current (I;.q) are presented in Table 3.5 [42]
and results, for a sub-set of the different operation scenarios of Table 3.3, are pre-

sented on Figure 3.2 and Figure 3.3 [42]
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E, =1.09eV

@, (-7°C)=6.90x10"* Acm™*

i 1 2 3 4 5
Timin) 1.2x10° 4.1x10* 3.7x10° 124 8
A 0.42 0.10 0.23 0.21 0.04

Table 3.5: Leakage Current Calculation.

where:

¢ - The term in the sum of exponentials;

g - Introduction rate;

© - Temperature scaling factor;

T4 - Annealing temperature;

Tr - Reference temperature;

t;» - Irradiation time;

t' - Time after irradiation;

E; - Activation energy;

a - Current-related damage constant;

A; - Normalisation factor for each exponential factor in the exponential sum;
7; - Time constant for each term in the exponential sum;
kp - Boltzmann’s constant;

® - Fluence;
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Figure 3.2: Predicted Leakage Current at the operating temperature

cooling ----first 3 yrs---- ----next 9 yrs----
scenario 50 116 50 23 126 50 116 50 23 126 days
— A -7 -7 -720-22 -7 7720222 °C
B 00 020-15 -7-7-720-22 °C
— DI5151520 O -7 -7 -720-22°C
G 00 020-15-10-10-1020-25 °C
I 00020-15 0 0 020-15°C

hae
in
TTTITITT

TTTTTT
|

Leak current/module at -7°C (mA)

Figure 3.3: Predicted Leakage Current normalised at -7°C
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Results show that values are lower then predicted in the TDR; LHC luminosity
629 fb~! instead of 730 fb~!, depletion voltage 250 V instead of 450 V, leakage cur-
rent 1.5 mA instead of 2.0 mA. Based on the recent calculations, depletion voltage
level will reach 250 V (150 bias voltage + 100 over-depletion voltage) and leakage
current level will reach 1.5 mA over the ten years of the LHC operation period, re-
sulting in total dissipated power from the silicon sensor of 0.375 W. Based on these
predictions, by using the thermal simulation (FEA) and theoretical model (see
Figure 3.4) [44], thermal stability of the detector was recalculated [42]. The ther-
mal runaway time was calculated based on the thermal runaway critical point; at
a chosen coolant temperature (-22°C) the thermal runaway critical point is equiv-
alent to 150Wmm ™2 and with a safety factor of 2 equals 75uWmm™2. Time to
reach this thermal runaway critical point was calculated and results are presented
in Figure 3.5. It can be concluded that coolant temperature should be -15°C to
achieve the thermal stability of ID over the ten years of operation period (with a

safety factor of 2).

—_—15"C ——-10°C
—h"C ——0"C

e 10°C

15°C ——20°C
—25C ——35°C
- == 05pA - - - 1pA
- - 2uA JpA
—Tccrit

0 50 100 150 200 250
W, at 273K [pW/mm?]

Figure 3.4: Thermal runaway limits
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Figure 3.5: The runaway year as a function of coolant temperature

Reassessment of the luminosity profile, depletion voltage, leakage current and
the thermal runaway critical points, presented above, shows that the ATLAS
inner detector evaporative cooling system must be able to provide the coolant
temperature in the cooling stave at -15°C to be capable to remove the heat from
the irradiated modules; the maximum predicted power dissipated from each mod-
ule at the end of the operation period is ~10.5 W (silicon sensor 250 Vx 1.5 mA =
0.375 W + module hybrid power 7.5 W + expected convective heat load for top
modules 0.8 W + safety margin for the cooling system 1.8 W). This will guarantee

the thermal stability of the inner detector over the ten years of operation.
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3.2 Pressure drops over the cooling structure

Bigger concerns were raised about the pressure drops in the vapour side of the
cooling system, between the detector structure and the BPR, affecting the tem-
perature of the coolant and questioning the possibility of having the design -25°C
or necessary -15°C evaporation temperature in the cooling stave.

The original design plan of the evaporative cooling system [33] assumed 470 mbar
pressure drop budget, over the coolant return pipes, from the detector structure
(end of stave) to the back pressure regulator. This gave the possibility of having
an evaporation pressure of 1.67 bar,, in the stave cooling pipe (C3Fy refrigerant’s
temperature of -25°C corresponding pressure), in case of the minimum possible
back pressure at the distribution rack before the BPR of 1.2 bar,,s (Section 2.4).

After the installation of the piping system, especially after the necessary modi-
fications for the Heater’s design and position (Subsection 2.5.4), it became doubt-
ful if it was possible to have such a small pressure drop budget over the modified
piping structure.

Tests were performed on the installed in ATLAS SCT Barrel loops, to check
the cooling circuit temperature (S1 and S2 sensors at the exit of the Stave)(Section
2.6) in case of minimum possible back pressure in the system.

The liquid inlet pressure on PR was set to 12 bary,s and 14 bar,,, leading to
the 13 bar,,s pressure before the capillaries at the detector (the difference being
caused by the hydrostatic head for top and bottom quadrants). The system back
pressure was varied by changing the value set on the BPR. The BPR was set
to the minimum value of 1.2bar,,, and to 1.5 bar,,,, 2.0bary, and 3.0 barg,,.
SCT Barrel modules were turned ON (fully powered) with the power dissipated
per module of ~6 W, which is the power load for the unirradiated SCT Barrel
module. Measurement of the cooling circuit temperature (average of S1 and S2
sensor values) as a function of the back pressure in the system (vapour pressure
measured before the BPR) shown as an averaged of the SCT Barrel cooling loops

in a quadrant, are presented in Figure 3.6.
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Figure 3.6: SCT barrel cooling circuit temperatures (averaged by quad-
rant) as a function of vapour back pressure.

The small difference in temperature for top (Q1,Q2) and bottom (Q3,Q4)
quadrants is caused by a small difference in massflow which depends on hydro-
static pressure in inlet lines and set points (See Section 2.4).

The measured temperature of the SCT Barrel staves clearly show that with
the existing system it is impossible to reach the design evaporation temperature
of -25°C or necessary -15°C (for top quadrants) even in case of unirradiated
modules. Therefore it is impossible to guarantee thermal stability of the inner
detector, especially at the end of the operation period, when modules will be
irradiated and work at “full power” (10.5W).

To study this problem in detail it was decided to assemble a new test setup in
the CERN SR1 Laboratory. This test structure duplicates the in-pit installation
as much as possible and has been used to perform extensive tests to study the

cooling performance of the ATLAS Inner Detector Evaporative Cooling System.




Chapter 4

Laboratory Measurements, Analysis

and Results.

As the main part of this PhD work, I had a leading role in the design and
construction of a test station in the CERN SR1 laboratory. This was used for
extensive studies of the thermal behavior of the ATLAS inner detector cooling
system; the results from which were used to make predictions of the performance
of the ATLAS ID cooling system at the end of life of Phase I of LHC operation.
This work included measurements of pressure drops in the system, measurements
of temperature over the stave pipe, study of flow and other parameters. Based
on results (presented below) we were convinced that the existing cooling system
cannot reach the design evaporation temperature, therefore a new approach was
proposed. I studied the thermal behavior of the evaporative cooling system with
C3Fg/CoF¢ refrigerant mixture. To achieve this a machine to blend CyFg and
C3Fg was designed and produced. A sonar based mixture analyzer was designed
and developed to enable online real time measurements of the blend ratio. 1
proved that with the correct blend mixture it is possible to achieve the necessary
evaporation temperature (-15°C) for the ATLAS inner detector and it should

maintain the inner detector’s thermal stability even at the end of the 10 years
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operation period. The work relating to the design of the test system and the
results and interpretation from the CsFg coolant measurements are presented
in this chapter. The work performed on the blend station, sonar analyzer and

C3Fs/CoF¢ blends are presented in the next chapter.

4.1 SR1 Test Station

The laboratory mock-up is an as close as possible duplicate of one of the ATLAS
ID SCT Barrel cooling loops. Only spare parts from the in-pit installation were
used in this assembly to reproduce the cooling loop’s geometry, technical speci-
fications and thermal performance as close as possible to the working ID evapo-
rative cooling structure. A general view of cooling system assembly is presented

in Figure 4.1 and a schematic view is presented in Figure 4.2.

Distribution rack and back pressure control assembly

I

R
jala 1l

H SCT Barrel Stave
| W 1

4

30m Outlet
line

Power supplies

Figure 4.1: General view of SR1 Test Station.

The understanding of the system depends on the accurate measurement of

the fluid temperature and pressure at various points throughout the system
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and the massflow through it. The pressure in the system was measured with
KELLER Type PAA-33X [45] pressure transducers and for temperature mea-
surements NTC thermistors Type 104JT [46] were used. These were mounted
at points of interest over the system. For pressure and temperature sensor
code-naming and functionality see Table 4.1 and Table 4.2. For the measure-
ments of the flow in the system a Bronkhorst® model F-113AC-AAD-99-V [47]
volume flow meter was installed after the back pressure regulator on the vapour
return line. The measured volume flow values were converted into mass flow val-
ues. For the calculation formulas and error estimation see Appendix D. For the
mounting positions of the pressure and temperature transducers and flow meter

see schematic in Figure 4.2.

N: | Name Description

1 | PAINPUT | Input Liquid Pressure

2 | P.A1 Input Liquid Pressure after the capillary (A)
3 | PBI1 Input Liquid Pressure after the capillary (B)
4 | P_A2 Pressure in the middle of Stave (A)

5 | P.B2 Pressure in the middle of Stave (B)

6 | P_A3 Pressure at the end of Stave (A)

7 | P.B3 Pressure at the end of Stave (B)

8 | P.VAM Vapour pressure after the Manifold

9 | P.BH Pressure Before the Heater

10 | P_.AH Pressure After the Heater

11 | P.BBPR | Pressure Before Back Pressure Regulator

12 | P.BFM Pressure Before Flow Meter

13 | P.DOME | Dome Pressure

Table 4.1: Pressure transducer naming and functionality.

N: | Name Description

1 | TLLIN Input Liquid Temperature

2 | TC2 Temperature before Heat Exchanger

3 | TC1 Temperature before Capillary

4 | T_PLC Heater Control Temperature (PLC)

5 | T_Heater Heater Temperature (Interlock Temperature)
6 | T_Al to T_A25 | Temperature on Stave (A)

7 | T_BI to T_B25 | Temperature on Stave (B)

Table 4.2: Temperature transducer naming and functionality.

89



CHAPTER 4. LABORATORY MEASUREMENTS, ANALYSIS AND

RESULTS.

@@ J190npsuel] ainjesadwal @

e TTTT==u === == vt oot 2
21e L 119 L 8 L €g 1 zg 1 -
28 d :::::: EH_Q :::::: mHMQ \ NNMQ :::::: mNH_Q :::::: QNM_WF

YTV L sivi S/ [ZA 0 g2V L vev L

%E% T T =T
VM_

€IV L 2V L wl S L ev L v L
Jore|nbay LI
aneA ainssaid 19|u| =5
ot N4
Av—umm Eo‘_%v ainssaid _ — _|_
|'|_ Wm J19bueyox3 1eaH [euoni
ETIV]] 1 _ YoX3 JesH | nppy _ wl 17T % %l
Y NITTL () @1
ndui"d
e 1919W MOj4
o1 ddd
ey 0], ainssald
(1oey o) N _ 191eaH
181IN0 T ‘Y I I i (T %0
Y ,VW, ,VW, adid pajioo wog WA, VW,
101eINBay - - — 19reaH L od L —
ainssald swoq WN49 d dddgg d HY d HE d
W ey

Figure 4.2: Schematic view of SR1 Test Station.
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The refrigerant’s circulation cycle in the laboratory station is similar to the
real ID evaporative cooling system cycle (Section 2.4). A HAUG (model QTOGX
160/80 LM) two-stage oil free compressor was used to circulate refrigerant in
the system. The compressor, located outside the SR1 clean laboratory room,
compresses the refrigerant (in vapour phase) from 1.2 barg,, at the compressors
inlet to 17 bar,,s at the compressor’s exhaust, and delivers it to a condenser
which also acts as the liquid storage tank. Then coolant in the liquid phase
(condensed in condenser) is delivered to the distribution rack located in the SR1
clean room. To match the operation conditions of the system as they are in
the ATLAS cavern a sub-cooling system with the standard heat exchanger (spare
SCT Barrel heat exchanger) is used to keep the delivered inlet liquid temperature
~17°C. A picture of the thermally isolated heat exchanger, which is connected
to a small laboratory chiller (Huber model ICO-12W), is presented in Figure 4.3.
The Huber chiller uses standard thermo-regulation liquid (ethanol) and has a

working temperature range from -25°C to 40°C.

Figure 4.3: Sub-cooling system (Heat Exchanger).
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The liquid inlet pressure is controlled by a standard manual pressure regulator.
The inlet line (6 mm CU pipe) with manual pressure regulator and pressure sensor

P_;npur is presented in Figure 4.4.

Inlet Pressure Regulator

Figure 4.4: Inlet line with pressure sensor (P_;ypyr) and manual pressure
regulator.

The inlet line is connected to an SCT barrel heat exchanger (spare HEX
from ATLAS ID installation) (subsection 2.5.3). The geometrical orientation of
the HEX is the same as the pit installation for the HEX that serves the barrel
cooling loops at the bottom of the tracker (The HEXSs in the pit installation have
rotational symmetry around the beam axis). A picture of the thermally isolated
Heat Exchanger is presented in Figure 4.5. The temperature of refrigerant before
and after the HEX is monitored by NTC transducers T_C2 and T_C1.

Two SCT Barrel capillaries (subsection 2.5.2), corresponding to each side of a
stave, are mounted between the HEX and the inlet connectors of the stave pipe.
SCT Barrel stave (subsection 2.5.1) is located in a Plexiglass® box. This box is
thermally isolated with 5cm thick Armaflex® insulation to avoid external heat
penetrating into the box and affecting temperature measurements. A picture of
the SCT barrel stave mounted into the box (not insulated on picture) is presented

in Figure 4.6.
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Figure 4.6: SCT Barrel Stave located into Plexiglass® box.

The stave pipe is instrumented with NTC thermistors (T_A1l to T_A25 and
T_B1 to T_B25) along its length and with pressure sensors at the beginning
(P_A1 and P_B1), middle (P_A2 and P_B2) and end (P_A3 and P_B3) of the
loop. NTC temperature sensors are fixed to the stave pipe with a special plastic
ring, assuring tight connection. Thermal grease, GC-ELECTRONICS® 10-8108,
is used between the sensors and pipe. Temperature sensors are thermally insu-
lated from the surrounding air with 5cm thick Armaflex®.

48 “dummy heaters” (ceramic plate with resistive trace on the top surface) are

installed in place of the silicon modules. A picture of the stave with mounted ce-
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Figure 4.7: SCT Barrel Stave with mounted “dummy heaters” and NTC
Sensors.

ramic plates and temperature sensors is presented in Figure 4.7. To apply power
to the “dummy heaters” (resistors connected in parallel) two Delta Elektronika®
SM7020-D type power supplies are used (one per half side of the stave). Electrical

circuit parameters are presented in Table 4.3.

Parameter Value
Resistance of one dummy heater R [(] 161
Max.Power applied to one dummy heater P [W] 10.5
Current in one dummy heater I [A] 0.26
(I =+/P/R=/10.5/161)

Current for one circuit I [A] 6.24
(I= 0.26 x24)

Voltage in one dummy heater and for one circuit U [V] | 41.9
(U=I xR=0.26 x 161)

Table 4.3: Electrical circuit parameters.

The exit of stave pipe (after the manifold joining two sides of stave) is con-
nected to the heat exchanger’s return line with custom made connector. Pres-
sure transducer P_VAM is installed after the manifold to measure the refrigerant’s
pressure at the exit of the stave. The other side of the heat exchanger is connected
to a standard ATLAS SCT barrel Heater by a 3m long, 12 mm internal diameter,
thermally isolated stainless steel pipe. This SCT Barrel Heater (Subsection 2.5.4)

is positioned to match the in pit installation position for lower quadrant heaters.
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A picture of the Heater mounted in the test station is presented in Figure 4.8.
Two pressure transducers (P_BH and P_AH) are installed before and after the
heater to measure the pressure drop over this region. A Programmable logic
controller (PLC) is used to monitor Heater control temperature, interlock tem-
perature and depending on the heater power adjust the delivered power to the
heater in order to maintain the heater’s standard operation temperature ~18°C
as measured on the outside of the copper pipe 10 cm down flow after the exit of

the heater.

Figure 4.8: SCT Barrel Heater.

Since it was impossible to replicate the complex pipe rooting and the 10m
height difference, as it is in pit, the return copper pipe (30 m in length with an
internal diameter of 14 mm) (Figure 4.9) was coiled on the floor of the experimen-
tal room. The pipe connected the outlet of the Heater to the distribution rack to
reproduce the vapour return line in the ATLAS experiment. This arrangement
of the vapour return pipe reproduces the frictional pressure drop in the vapour
return pipe. It does not, however, reproduce the hydrostatic head in the system,
but calculated hydrostatic pressure for the vapour line (/0.008 bar) is too small
compared to the pressure drops in this region.

To control back pressure in the test assembly, a standard ATLAS SCT Barrel

cooling loop back pressure regulator (spare from the ATLAS build) is mounted
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Figure 4.9: Vapour return line.

on the vapour return line in front of the distribution rack. The dome pressure for
this BPR is controlled by a small assembly containing a N, bottle with pressure
regulator. The dome pressure is monitored by pressure transducer P_DOME.
Two pressure transducers are installed before (P_.BBPR) and after (P_BFM) the
back pressure regulator to monitor the pressure before the BPR and the pressure
drop over this region. A by-pass line with manual valve is assembled around the

BPR which allows the minimum possible back pressure to be obtained.

Back Pressure Regulator (BPR)

.

Figure 4.10: Back pressure regulator, pressure transducers, by-pass line
and flow meter.

A picture of the back pressure regulator with pressure transducers, by-pass
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Figure 4.11: Dome pressure control system.

line and a Bronkhorst® model F-113AC-AAD-99-V flow meter is presented in
Figure 4.10 and dome pressure control assembly is shown in Figure 4.11.

A custom made Read-Out system was assembled to monitor and record the
temperature, pressure and flow values in points of interest all over the test struc-
ture. Each of the two Read-Out boxes consists of one Microcontroller, a 24-bit
Analog-to-digital converter (ADC) and a 32-channel multiplexer. Temperature
sensors are connected to the Read-Out boxes through custom made patch panels
and flat flexible cables. Read-Out boxes (Microcontroller) are connected to a
PC using standard a USB cable. Pressure sensors and flow meter are connected
directly to the PC through the USB interface.

Based on the National Instruments LabVIEW® software development envi-
ronment, a custom made software application is used for data recording. The
recording time and frequency is set from application. Data is stored in *.txt file

format.
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A picture of Read-Out boxes and the LabVIEW application panel is presented

in Figure 4.12.
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Figure 4.12: Read-out system. LabVIEW® application.
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4.2 Measurement Results for C;Fg

On the laboratory Test Station, measurements were performed with different
input liquid pressures (10bargs, 11bargs, 12bargs, 13 bargs), with different
power loads on modules (0 W, 3W, 6 W, 9 W, 10.5 W) and different back pressures
(dome pressure): “Open By-pass” (1.3 bargs) ', 1.6 bargs, 2bargs, 2.5bargs,
3barys, 4 barg,, b bargs, 6 bargs

As described above in Section 2.4, at the time of construction the design inlet
liquid pressure and vapour return back pressure in the system was chosen to
guarantee the necessary cooling capacity of the ATLAS ID evaporative cooling
system. The input liquid pressure in the system was defined to ensure that the
inlet liquid remained above the saturation pressure, resulting in a bigger enthalpy
budget over the detector structure and the back pressure was defined to ensure
the necessary evaporation temperature over the cooling stave. Therefore a range
of input liquid pressures and vapour back pressures was investigated over the
laboratory test to study the effects on the massflow and pressure drops in the
system. The effect of varying the power load on the module is of interest as well;
as described above in Section 3.1, nominal power dissipated from the unirradiated
modules is ~6 W and after the irradiation at the end of the lifetime will rise to
~10.5W.

The matrix of measurement parameters is presented in Table 4.4. Some tests
"Failed” because of the thermal runaway caused by inadequate cooling capacity.
As an additional information, requested power on the exhaust Heater (% value of
heater design maximum power, as delivered by the PLC system) is presented as
well, just to show the heaters working behaviour as a function of different pressure

in system and power per module, therefore different massflow in the system.

In laboratory test station it was impossible to replicate minimum back pressure of
1.2 bargys because of a bit higher pressure drop over the return pipes from distribution rack to
COMpressor.
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Inlet P 10 Bar,, Power Inlet P 11 Bar,, Power

ow 3w 6w Iw 10.5W ow 3w 6W 9w 10.5W

Open 52% 40% 26% 17% 11% Open 56% 43% 30% 18% 12%

1.6 51% 39% 25% 16% 9% 1.6 56% 43% 30% 17% 10%

2 51% 39% 25% 14% Failed 2 55% 43% 30% 17% 10%

2.5 51% 39% 24% 13% Failed 2.5 55% 43% 30% 17% 10%

3 51% 38% 24% 12% Failed 3 56% 425% | 295% | 16.5% 1%

4 51% 38% 21% 10% Failed 4 56% 41.5% 26% 13% 8%

5 51% 35% 19% 8% Failed 5 56% 38.5% 23% 10% 4%

6 Failed Failed Failed Failed Failed 6 55% 36.5% 21% 6% Failed

Inlet P 12 Bar,, Power Inlet P 13 Bar,, Power

ow 3w 6W Iw 10.5W ow 3w 6W Iw 10.5W

Open 65% 55% 35% 24% 18% Open 66% 55% 41% 27% 22%

1.6 61% 47% 35% 21% 19% 1.6 65% 52% 40% 27% 20%

2 62% 48% 35% 21% 17% 2 65% 52% 39% 26% 20%

2.5 61% 48% 35% 21% 15% 2.5 65% 52% 39% 26% 20%

3 61% 47.5% 34% 21% 15% 3 65% 51.5% 39% 25% 19%

4 62% 46.5% 33% 19% 14% 4 65% 50.0% 37% 23% 17%

5 62.5% 44.5% 29% 16% 8% 5 65.0% 50.0% 35% 21% 15%

6 63% 44% 27% 12% 5% 6 64% 49% 34% 20% 13%

Table 4.4: Matrix of measurements.

The total pressure drop over the test cooling system, from the exit of the
capillary to the entrance of the BPR, was measured as a function of inlet liquid
pressure for different module power loads, with the minimum obtainable back
pressure before the BPR of 1.3 bary,s. Results are presented in Figure 4.13. For
pressure values in different parts of the test structure, see Appendix C. Pressure
drops were measured as well in the most interesting parts of system: Over the
Stave pipe (“On-detector” part of system) and for piping structure from Stave
to Back Pressure regulator (“Off-detector” part of system). Results for pressure
drops over the Stave pipe are presented in Figure 4.14 and results for pressure
drop over the “Off-detector” part of system are presented in Figure 4.15.

Error estimation was done for measured pressure values (see Appendix D).
Total measurement error for the inlet pressure (0piprrn = 19.5 mbar) and total
measurement error for the outlet pressure (0por.0ut = 9.86 mbar) are too small

to be visible as an error bars on the plots therefore error values are presented in

figure caption.
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Figure 4.13: The total pressure drop over the system, from the exit of the
capillary to the entrance of the BPR, as a function of inlet liquid pressure
for different module power loads, with the minimum obtainable pressure
before the BPR of 1.3 baryps.(0p.tot.1n = 19.5 mbar, opior.0ut = 9.86 mbar)
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Figure 4.14: The pressure drop over the “On-detector” part of system
(over the Stave pipe), as a function of inlet liquid pressure for different
module power loads, with the minimum obtainable pressure before the
BPR of 1.3bargs.(0ptot.rn = 19.5 mbar, opior.0ut = 9.86 mbar)
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Figure 4.15: The pressure drop over the “Off-detector” part of system,
from the exit of the Stave to the entrance of the BPR, as a function of
inlet liquid pressure for different module power loads, with the minimum
obtainable pressure before the BPR of 1.3barss.(0ptor.rn = 19.5mbar,
OP.tot.Out — 9.86 mbar)

Measurement results clearly show that, pressure drop over the “Off-detector”
part of system, from the end of the stave to the entrance of BPR, is almost twice
the predicted value in the TDR pressure drop budget for SCT barrel cooling loops
(470 mbar ) (Section 2.4 and Section 3.2).

This problem leads to higher pressure over the stave, leading to a higher cool-
ing temperature. The design evaporation pressure of ~1.67 bar,, the pressure
measured at the exit of the stave equals to 22.15 bar,,s (1300 mbary,s back pres-
sure + 705 mbar,,; AP over the “Off-detector” part of the system + 144 mbar,,
AP over the manifold) in the case of nominal 13 bar,, inlet pressure, 1.3 bar s
back pressure and nominal 6 W power per module and in the case of 10.5 W
(power for irradiated module) measured pressure at the exit of the stave equals
to ~2.23 bargs (1300 mbary,s back pressure + 737 mbary,s AP over the “Off-

detector” part of the system + 195 mbar,,s AP over the manifold).
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The overall thermodynamic behavior of the system is shown on the Pressure-

Enthalpy diagram in Figure 4.16. Each of the stages are described in Table 4.5.
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Figure 4.16: Phase Diagram of the SR1 laboratory test station.
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Between Points

Description

AtoB

BtoC

Cto Dl

D1 to D2

D2 to D3

D3 to E

Eto E

’

E toF

FtoF

FtoA

Table 4.5:

refrigerant vapour is compressed at 17 bar,,s and 90°C and is delivered to the
condenser.

refrigerant vapour condenses inside the condenser into liquid at 53°C and is
delivered to the storage tank for the continuous running cycle.

refrigerant in liquid state from the storage tank is sub-cooled by the plants
additional sub-cooling system from 53°C to 17°C at 16 bary,s and is delivered
to the distribution rack.

the pressure drop over the pressure regulator in the distribution rack where
the pressure value on the pressure regulator is set to 13 bar ;.

sub-cooling system (heat exchanger) where inlet liquid is sub-cooled to -15°C
by the counter flow vapour/liquid remaining in the exhaust line to provide as
big an enthalpy budget as possible. Note: sub-cooling temperature (position
of point D3) changes depending on heat load on the modules.

the pressure drop over the throttling element (Capillary). Note: position of
point E changes depending on heat load on the modules.

refrigerant evaporates inside the cooling stave removing heat from the modules.
Note: on the diagram there are presented three different positions correspond-
ing to the different power load on the modules (0W, 6 W, 10.5 W).

the amount of the enthalpy used in the heat exchanger to cool down the inlet
liquid (corresponding to D2 to D3). Note: different positions for 0W, 6 W,
10.5W.

the heater evaporates the remaining liquid and the vapour is warmed up to
20°C (above the dew point). Note: different positions for 0 W, 6 W, 10.5 W.

the pressure drops over the return lines, from the exit of the heater to the front

of the compressor; including pressure drop over the back pressure regulator and
over the return lines from rack to the compressors.

Description of the thermodynamic stages in the SR1 laboratory

test station Phase Diagram.

The thermal profile of the cooling Stave was studied in detail with different

inlet and outlet

pressure in the system and different power applied to the mod-

ules, to define possible evaporation temperature in respect to new pressure drop

measurement results.

Maximum cooling loop temperature over the stave was

measured as a function of inlet liquid pressure for different module power loads.

Results are presented in Figure 4.17.
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Figure 4.17: Max.Temp. as a function of inlet liquid pressure for different
module power loads, with the minimum obtainable pressure before the BPR
of 1.3bargys. (0ptot.rn = 19.5 mbar, o740t = 0.35°C)

Maximum cooling loop temperature (Max.Temp.) is defined as a measured
maximum temperature value by NTC thermistors mounted all over the stave
pipe (T_Al to T_A25 and T_B1 to T_B25) (See Figure 4.2 and Table 4.2), the
maximum value measured over the full test time (5min).

Error estimation was done for measured temperature values (see Appendix D).
Total measurement error (o7, = 0.35°C) for the temperature values are pre-
sented as an error bars on the plots. In some figures they are too small to be
visible therefore error values are presented in figure caption.

Max.Temp. over the Stave as a function of Dome pressure (pressure applied
to BPR) for different power loads on modules, in case of 13 barg,, input liquid
pressure, is presented in Figure 4.18 and as a function of real Back pressure
(pressure measured before the BPR), is presented in Figure 4.19. Measured
temperature values are presented in Table 4.6. The saturation temperature of
CsFyg is also plotted as a guide indicating the minimum possible temperature
for a given pressure. (Max.Temp. values for 1.3bary,, are not presented on
Figure 4.18, because measurements were done with “Open By-pass”, therefore no

dome pressure was applied to BPR and minimum back pressure was maintained
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Figure 4.18: Max.Temp. as a function of Dome pressure for different
module power loads, with CsFg saturation temperature line, in case of
13 bargs input liquid pressure. (op.ior.0ut = 9.86 mbar, o7t = 0.35°C)
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Figure 4.19: Max.Temp. as a function of Back pressure for different
module power loads, with CsFg saturation temperature line, in case of
13 bargps input liquid pressure. (o p.tor.0ut = 9.86 mbar, o 4ot = 0.35°C)
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\Vapour pressure Maximum temperature on the cooling loop [ C]

before the BPR Module power

[bar,, ] ow 3w oW oW 105w
1.3 -19.5 -17.2 -14.9 -13.7 -11.8
2.2 -13.4 -11.4 -9.8 -8.7 -8.1
2.3 -12.6 -10.7 9.1 -7.9 -7.3
2.5 -10.8 -9.0 -7.7 -6.6 -6.2
2.8 -8.8 -7.0 -5.7 -4.7 -4.3
3.8 -1.7 -0.2 0.6 1.3 1.5
4.9 5.2 6.6 6.9 75 7.8
59 10.2 12.1 12.5 12.8 12.9

Table 4.6: Max.Temp. measured for different power load on modules, in
case of 13 barg inlet pressure and different back pressure in system.
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Figure 4.20: Max.Temp. as a function of measured pressure in the mid-
dle of the Stave (P_A2) for different power load on modules , with C3Fg
saturation temperature line, in case of 13 barg, inlet pressure and different
back pressure in system. (o piot.0ut = 9.86 mbar, o 4o = 0.35°C)

Max.Temp. as a function of measured pressure in the middle of the Stave
for different power loads on modules is presented in Figure 4.20. Pressure was
measured by pressure transducer mounted at the middle of the Stave pipe (P_A2)
(See Figure 4.2 and Table 4.1).

To have clear picture of temperature propagation over the Stave pipe, maxi-
mum temperature for each separate NTC transducers (the maximum value recorded
over the full test time of 5 min) are presented in Figure 4.21. The thermal profile

of second (symmetrical) part of the stave is identical.
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Figure 4.21: Max.Temp. for each temperature transducers for different
power load on modules, in case of 13 bar,ys inlet pressure and 1.3 bargs
back pressure in system. (o7, = 0.35°C)

The mass flow in the system was measured as a function of inlet liquid pres-
sures, for different power loads on modules (presented on Figure 4.22) and as a
function of power applied to modules for different inlet liquid pressure (presented

on Figure 4.23). For mass flow measured values see appendix Table C.9.
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Figure 4.22: Mass Flow in system as a function of inlet pressure for
different power load on modules in case of minimum possible back pressure
in system 1.3bargys. (0ptot.n = 19.5mbar, opj, = 0.049 gs™1)
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Figure 4.23: Mass Flow in system as a function of power load on modules
for different inlet pressure in case of minimum possible back pressure in
system 1.3 bargys. (0pon = 0.049 gs™1)

Error estimation was done for measured flow values (see Appendix D). Mea-
surement error (0pi, = 0.2351min™t / 0pw = 0.049gs™1) is too small to be

visible as an error bars on the plots.

Measurement results from SR1 laboratory test station, for thermal behavior of
the SCT Barrel cooling loop, clearly show that the cooling system can not achieve
the design evaporation temperature of -25°C (from TDR) nor the necessary -15°C
(Section 3.1) in the Stave. According to test results (See Figures 4.18, 4.19,
4.21), with a nominal inlet pressure in system of 13 bar,,s, minimum possible
back pressure in system of 1.3 bary,s and maximum heat load per module 10.5 W
(at the end of lifetime), C3Fg coolant’s evaporation temperature over the Stave
is higher (-11.8 °C) than necessary -15°C, therefore the thermal stability of the
Inner Detector can not be guaranteed.

Because of access limitation for the ID Evaporative Cooling System (it is
impossible to reach or change mechanical parts of the system in the ATLAS
cavern) the only possible way of improving the cooling efficiency, is to use different

mixtures of refrigerants which have lower saturation temperatures.
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By adding a certain amount of more volatile Hexafluoroethane (R116) CyFg
into Octafluoropropane (R218) C3Fg, the evaporation pressure for the same evap-
oration temperature can be raised. This will allow the pressure drop limitation
over the “Off-detector” part of the system to be overcome and will give the pos-

sibility of having lower coolant temperature in the Stave.

Fluorocarbon Average Evaporation Minimum Evaporation
Coolant Pressure at -25°C Pressure at -25°C
[barabs] [barabs}

CsFg 1.7 1.7
90%C3Fs/10%CyFg 2.3 1.8
80%C5Fs/20%C,F 2.7 2.1
70%C3Fs/30%CsFg 3.2 2.3

Table 4.7: Predicted evaporation pressure at -25°C for C3Fg/CoF¢ coolant
blends.

Predictions of evaporation pressure, from NIST REFPROP [1], at -25°C
evaporation temperature in binary C3Fg/CsFg coolant blends, are presented in
Table 4.7. At minimum evaporation pressure 100% of injected coolant is evapo-

rated and at average evaporation pressure 50% respectively.
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Chapter 5

Laboratory Measurements for the

Fluorocarbon Mixtures.

5.1 Blending Machine

In the SR1 laboratory, outside the clean room, a new device the blend recircu-
lation machine “Blending Machine” (BM) was assembled. This machine is used
to mix different concentration of the C3Fg and CyFg to make the coolant blends,
and for delivering this binary coolant to the Test Station in the clean room for
the continuous circulation cycle. The general view of the Blending Machine is

presented in Figure 5.1 and the schematic view is presented in Figure 5.2.
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The blending machine, (BM), consists of the several main components:

e The fluorocarbon mixture storage tank / condenser;

e The sub-cooling system for the storage tank / condenser, which represents
an assembly of the small refrigeration system circulating hydrofluorocarbon

(CH2FCF3) in a closed circuit;

e The dummy load assembly used for the refrigerants circulation inside the

blending machine internal circuit;

e The sonar analyzer mounted on the vapour side of the pipe structure used

for the mixture ratio determination;
e Storage bottles for the C3Fg and CyFg freons;

e The compressor providing continuous circulation of the refrigerant inside

the blending machine’s internal and external circuits.

e Additional laboratory pump to increase the inlet liquid pressure and small
laboratory chiller to cool the inlet lines before the pump and avoid cavita-

tion.

e Control cabinet with the PLC, control electronics and compressed air supply

for the pneumatic valves.

The pressure and temperature transducers are mounted at points of interest
all over the structure to monitor pressure and temperature in the different parts
of the BM system. For the component location and the piping connection see the
piping and instrumentation (P&I) diagram in Figure 5.2.

During the filling-in process C3Fg and CyFg fluorocarbon freons are injected
(in the liquid phase) from the storage bottles into the storage tank / condenser of
the blending machine according to the strictly defined Step-by-Step procedure [48]
while the compressor and pump are off. Blending machine is restarted and con-

densed mixture in the liquid state under the pressure of 10 bary, is delivered
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to the additional pump, rising refrigerant’s pressure up to 15 barg,, and then is
delivered to the liquid supply pipe line of the blending machine. This line is split
in two; internal and external circuits. The internal circuit line is connected to the
custom made “dummy load” used as an internal evaporator allowing circulation
of the mixture inside the blending machine in a closed loop. The dummy load
represents an assembly where the coolant liquid is evaporated by two electrical
heaters. After the dummy load, the fully evaporated blend mixture is delivered
to the vapour return pipe line and is circulated back to the storage tank / con-
denser by the compressor. On the vapour return line there is the Sonar Analyzer
(Section 5.2) installed for the continuous measurement of the sound velocity in the
mixed refrigerant vapour which is used for the mixture ratio determination. Next
to the Sonar Analyzer there is Schlumberger Delta G16 flow meter (Section 5.2)
mounted to the vapour return pipe for the measurement of the flow rate in the
system. Circulation of the coolant mixture inside the blending machine structure
is provided by the HAUG (model WTEGX 80 LM-L) oil free compressor. The
vapour blend mixture is compressed and delivered by the compressor to the stor-
age tank / condenser cooled (to ~17°C) by the external refrigerant circuit (the
sub-cooling system circulating hydrofluorocarbon CH3FCF3) and the condensed
mixture is then delivered to the liquid supply lines for the continuous circula-
tion. Control and monitoring of the blending machine parameters is provided by
the PLC (located in the control cabinet) through the PVSSII [14] software plat-
form based FSM panel. The screen-shot of the blending machine control panel is

presented in Figure 5.3. From this control panel it is possible to:

e turn ON/OFF the compressor;

e change set points and monitor suction and compression pressure of the

COMPTessor;

e monitor vapour temperature, liquid temperature, pressure and liquid level

inside the storage tank;
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e open or close pneumatic valves for the blending machine internal circuit;

e control the dummy load assembly performance by changing the flow rate

though it and heating parameters of the electrical heaters;

e monitor the temperature and the pressure in different parts of the blending
machine and ensure the safe running conditions through the warning and

alarm messages.

Control, data recording and data analyses for the Sonar analyzer is provided

by the additional software (See Section 5.2).
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Figure 5.3: The Blending Machine control panel (Screen-shot).

A strictly defined step-by-step procedure [48] is followed for filling the system
with the different fractions of the C3Fg/CyFg blends. The molar mixture of
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C3Fg/CoF¢ blends is created by adding these blends in the liquid phase into the
storage tank and after the circulation inside the blending machine is verified by
sound velocity measurements made by the sonar analyzer in the superheated
vapour phase. The blend machine storage tank / condenser and freon bottles
are each located on the balance and their weight is measured. A precondition
for making or modifying the mixture (concentration) is that all the fluid must be
recovered back to the storage tank from the system (test station and 50 meter
supply lines) and it’s total weight must be measured. (In respect of the leaks
in the system definition of the new mass baseline is important). The recovery is
done using the compressor when the liquid supply line from the storage tank is
closed. In practice it is impossible to recover all of the refrigerant in the system
since a small amount of the vapour at the minimum aspiration pressure of the
compressor (800 mbar) still stays in the pipes and must be evacuated to avoid
changing the new blend concentration.

The blend mixing procedure is based on Raoult’s law which states that the
total vapour pressure above a liquid mixture is dependent on the vapour pres-
sure of each component and the mole fraction of the component in the liquid
mixture. Once the mixture components (i = A, B) have reached equilibrium the

total vapour pressure can be expressed by the equation:
p=p4 XTA+ppXTB
while the individual vapour pressure for each component is:
pi =D X T

where:

p; - the partial pressure of the component 7 in the mixture;

P, - the vapour pressure of the pure component ¢;

x; - the mole fraction of the component ¢ in the mixture;

The number of moles per kilogram weight of the CyFg and CsFg are given by

there inverse molar masses:
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CyFg = 1/0.138 = 7.246 moleskg™!
C3Fg = 1/0.188 = 5.319 moleskg ™

Therefore the mole fraction of CoFg in the mixture resulting from X kg of

CyFg liquid added to Y kg of C3Fg liquid is given by:
(X/0.138)/((X/0.138)+(Y/0.188))

To achieve the final desired molar concentration in the mixture X kg of CyFg

liquid is added to Y kg of C3Fg liquid to achieve the total liquid mass of Z kg:

X= (%CQFﬁ/% CgFg)XY
Zpinai(x%+y%=100%) = (0C2Fs/% CsFg)xY 4+ Y

For example, in the case of a desired ratio of 5%CoFg / 95%C3Fg by liquid
weight, X kg of CoFg must be added to the Y kg of C3Fg so that the total weight
in the storage tank Zfinai(x%+v%=100%) becomes (0.05/0.95) xY + Y

After the circulation of the desired mixture for a couple of hours inside the
blending machine’s internal closed loop (this is necessary to be sure that the
blends are completely mixed) and mixture ratio verification by the Sonar Ana-
lyzer, the manual valves on the inlet supply and vapour return lines are opened
and refrigerant is injected into the external circuit. This circuit represents the in-
let and outlet pipe lines through which refrigerant is delivered to the distribution
rack located in the clean room and supplying the laboratory cooling test station
(Section 4.1). 50 metres of OD33.7 and OD21.3 stainless steel (SS) pipes were in-
stalled all the way through the SR1 laboratory connecting the blending machine
to the distribution rack. 5x10 meter pieces of these SS pipes were orbital-welded
together according to the laboratory welding procedure and all orbital welding
connections were checked with X-ray imaging. These 50 meter liquid supply and
vapour return lines were fixed to the special supports located on the inside wall
of the laboratory clean room. The system was tested and approved to the PN40

pressure standard. All pipes are thermally isolated. A schematic view of the
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distribution rack and Inlet / Outlet pipe lines is presented in Figure 5.4. From
the distribution rack the refrigerant mixture is supplied to the test station for

the laboratory measurements.

Sonar Rack Distribution Rack
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Figure 5.4: Schematic view of the Distribution Rack (in SR1 Laboratory).
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5.2 Sonar Analyzer

For the precise measurement of the C3Fg/CoFg mixture ratio and for the mea-
surement of the flow, a new device the “Sonar Analyzer” was assembled, tested
and installed in the system [49] [50]. The concentration of the blends is moni-
tored in the vapour return region where the vapour mixture is in the superheated
state (single phase); One Sonar Analyzer is installed on the Blending Machine,
inside the internal circuit, on the vapour return pipe (see Figure 5.2) and a sec-
ond Sonar Analyzer is mounted on the vapour return line of the laboratory test
station before the distribution rack (see Figure 5.4). By-pass piping is assembled
around the both devices for easy exchange and maintenance.

The mixture ratio is monitored based on measured sound velocity in the
mixture (at known temperature and pressure) since it exclusively depends on
the molar concentration of the mixture components. Measured sound velocity
is compared to the sound velocity measurement data from the look-up table to
determine concentration of blends in the mixture. In this look-up table data is col-
lected from prior measurements of sound velocity within the calibration mixtures
or from the theoretical thermodynamic calculations from the NIST REFPROP([1]
and PC-SAFT [51] databases. The NIST REFPROP package represents cur-
rently available one of the most accurate thermodynamic properties database
of pure fluids and mixtures. Based on the three models of the thermodynamic
properties: equations of state explicit in Helmholtz energy [52], the modified
Benedict-Webb-Rubin (BWR) equation of state [53], and extended correspond-
ing states (ECS) model [54]; it represents one of the best tools for the calculation
of the sound velocity in the fluorocarbon mixtures, including C3Fg/CyFg blends.
Since the NIST REFPROP is not well configured for the calculation of the sound
velocity in the fluorocarbon mixtures with the other gases, the PC-SAFT equa-
tion of state is used for this purpose. In the ATLAS experiment the sonar analyzer
is used for high leak detection inside the inner detector volume, to detect the leak

of C3Fg evaporative coolant into the pixel detector nitrogen envelope [50].
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Picture of the 3D model for the Sonar Analyzer with dimensions and disassem-

bled parts showing ultrasonic transducer position is presented on Figure 5.5 [49].

835

Ultrasonic Transducer

Figure 5.5: Sonar Analyzer (3D model representation).

The mechanical envelope of this device represents a flanged stainless steel
tube with the overall length of 835 mm. Ultrasonic transducers are centered and
mounted inside this envelope 660 mm apart on the wide bore sections of the tube.
In between there is a pair of diameter reduction cones and the pinched region of
500 mm long tube; these are all welded together. Through this pinched region of
a diameter of 44.3 mm (compare to the transducers diameter of 42.9 mm) all the
vapour is channeled. The vapour around the transducers is diverted by the 5cm
long axial flow deflection peek cones.

Six NTC [46] thermistors are used to monitor temperature inside the device
with the measurement precision of £0.2°C and the pressure is measured by a
Huba® [55] pressure transmitter with the measurement precision of +15mbar.

A SensComp® Model 600 series 50kHz capacitative ultrasonic transducer

used in the sonar analyzer is presented in Figure 5.6 [50]. Originally these trans-
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ducers were developed by Polaroid® during the 1980s for the auto focus instant

cameras and now are produced by SensComp®.

= |lnner Ring

Retfoiner |
[
Signal
Contact .
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Figure 5.6: SensCornp® Model 600 series 50 kHz capacitative ultrasonic
transducer.

The SensComp® transducer represents the assembly, of the gold coated mylar
foil stretched over the metallic backing plate etched with a spiral groove, located
inside the metallic housing with a outside diameter of 42.9 mm. The housing case
and foil are grounded and the back plate is biased and excited at high voltage in
the range of 180-360 V. Originally transducers were designed to work in air with
ambient temperature and atmospheric pressure, but since the gas can access
both sides of the diaphragm through the spiral groove this gives the possibility
of using this transducer with a wide range of pressure. Transducers were tested
in non corrosive gases within the pressure range of 100 mbar,,s to 5 barg,, and a
temperature range of -30°C to 45°C [50].

The custom made electronics, based on a Microchip® dsPIC 16 bit micro-
controller, is used for the sound transit time measurements. The principle of
operation of the Sonar Analyzer is presented in Figure 5.7 [50].

50kHz square wave pulses, generated by the microcontroller, are sent from

the transmitting transducer to the receiving transducer which is connected to
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Figure 5.7: The principle of measurement of the sound signal transit time.

a DC biasing circuit followed by an amplifier and a comparator. At the same
time a 40 MHz transit time clock is started simultaneously and is stopped when
the first received amplified sound signal from the receiving transducer crosses the
predefined comparator threshold. Both transducers serve as transmitting and
receiving devices allowing sound signal to be sent in both direction, upstream
and downstream of the vapour flow in the Sonar Analyzer. The time between
the transmitted and the received sound pulses is measured by the microcontroller
and along with temperatures and pressure values is sent to the control computer.
The block diagram of the custom made electronics for the sonar analyzer and it’s

implementation is presented in Figure 5.8 [50].

Acoustic transducers

: Upydovmn
Driver pecontrolier
3 |
2 TRACO MHV12 10K2000 USB & R5232
E HV DC/DC converter interface
3 |
.: Receiver Threshold
;' Eenerator
*

Figure 5.8: The block diagram of the sound transit time measuring elec-
tronics and it’s implementation.

DC-DC converter generates HV bias for the vibrating foils of the transducers
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in the range 180-360 V. During the transmitting process the transmitting trans-
ducer is excited with a chain (1-8) of the HV square wave pulses built by the
microcontroller (using 50kHz LV pulses) and the DC-DC converter output. The
receiving transducer is biased with a flat HVDC bias and transmits signal to the
amplifier which is followed by the comparator. Sound transit time between the
transmitting and receiving transducers is computed from the counted number of
the 40 MHz pulses between the rising edge of the first transmitted 50 kHz sound
pulse and the time when the first received amplified pulse crosses the comparator
threshold. Computed sound transit time (in both directions) is continuously en-
tered into the internal FIFO memory and, when the measuring cycle is requested
from the supervising software, the time stamped average of the most recent 300
computed transit times (in each direction) is output from the FIFO memory. At
the same time average temperature and pressure inside the sonar analyzer (/20
averaged samples per second) are recorded. Data is taken over the serial bus
cable running under the USB and RS232 protocols. Custom made electronics
described above is controlled by the supervisory software implemented as the
PVSS II [14] project. Software is used to send start, stop and reset commands
to the instrument and to retrieve the data from the FIFO memory.

In addition to the supervisory and control functions, the main purpose of this
specialized software based on PVSS IT SCADA (Supervisory, Control and Data
Acquisition software) environment [14] [56] is to analyze data received from the
sonar device. The block diagram of the measurement process and the measure-
ment chain schematics is presented in Figure 5.9 [50].

The main tasks of the supervisory, control and analyzing software are:
e Communication with the custom electronics (control and data retrieval);
e Communication control (communication error detection and recovery);

e Pressure and Temperature monitoring and recording;

Visualization via the Graphical User Interface (GUI);
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e Determination of the vapour flow rate;
e Determination of the blend Molar concentration in the vapour mixture;

e Archiving of the sound transit time, velocity, flow, mixture composition,

temperature and pressure values into a local or remote database.

SCADA Software Measuring chain schematics
PVS5-11
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Figure 5.9: The block diagram of the measurement process by the SCADA
software and the schematics of the measuring chain.

In the communication/commissioning cycle software communicates with the
custom electronics through the CAN bus using the CANOpen protocol and sends
and receives messages with the standardized length (1 or 8 bytes) and follows the
preset rules that define message-related actions. Messages can be sent in normal,
service (8-byte) and emergency (1-byte) regimes and each message is composed
of three parts: read/write operator, identification number and the data bytes.
All sent messages are confirmed by the electronics within a 100 ms time period
by sending back a message with the proper format, otherwise a communication
alarm is triggered. In this case communication emergency mode is activated and
software starts to send messages that perform software or hardware reset of the

electronics and after that sends verification message to check if the communication
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was properly restored. An alarm is also triggered in the case where there is no
reply from the electronics to three consecutively sent messages; which means the
communication chain is broken on the hardware level and in this case operators
action is required.

The estimation cycle, when mixture ratio and vapour flow is determined,
consist of two sub-processes; the calculation, and the prediction sub-processes.
In the calculation sub-process average values of the all process variables, which
are: sound velocity, temperature and pressure are calculated; noise in the data
is eliminated; data from the temperature and pressure sensors are filtered. In
the prediction sub-process gas mixture composition and vapour flow is calculated
based on the calculated average values of the sound velocity, temperature and
pressure. For the prediction of the vapour mixture concentration “c, t, p look-
up tables” [50] are used. The tables provide empirical information about molar
ratio in the binary mixture based on the transit sound velocity (c), temperature
(t) and pressure (p) in the analyzed vapour. As described above, data in these
look-up tables is compiled from the measurements in the calibrated mixtures
and from the predictions made using equations from the NIST REFPROP [1]
and PC-SAFT [51]. In the current software a single preloaded look-up table was
used, consisting of the data for the C3Fg/CyFg mixture with a 0.25% granular-
ity and covers temperature and pressure ranges from 16°C to 26°C and from
800 mbar to 1600 mbar with the granularity of 0.3°C and 50 mbar respectivly.
These conditions correspond to the superheated C3Fg/CsoFg gas mixture envi-
ronment in the vapour return line where the sonar analyzer is installed. A new
version of the software is under development and will operate with the multiple
look-up tables covering a much wider range of temperature and pressure (from
-40°C to 80°C and from 800 mbar to 12bar). For the precise determination of
the blend composition in the mixture several algorithms were tested empirically
and currently an algorithm using minimize quadratic norm is adopted [56]. The

algorithm calculates ratio of C3Fg and CyFg blends in the mixture by minimizing
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the quadratic norm n; for each pressure (p;), temperature (¢;) and sound velocity

(¢;) table entries via equation:

— 2 2 2
n; = kl (pi,table — Prun. average) + k2 (ti,table - trun. average) + kS(Ci,table — Crun. average)

where p; apie, titable and C; tapie are look-up table entries; prun. averages trun. average
and Cpun. qverage are the real time outputs from the electronics FIFO memory; and
k1, ko, k3 are the weight coefficients that express the dependence of the mixture
precision on the error coming from the difference between the measured and the
look-up table ¢, t, p values [56].

To ensure good precision of the measurements, by minimizing uncertainty in
the sound traveling distance in the sonar analyzer, the distance between transduc-
ers was calibrated using a pure gas having well-known sound velocity dependence
on the temperature and the pressure. The distance was calculated by measur-
ing the sound transit time in this calibration gas. Calibration was done with
Xenon (Xe) having closest sound velocity (175.5ms™! at 20°C) and molar weight
(131 gmol™!) to C3Fg and CyFg fluorocarbons used in SR1 laboratory experiment
and having the thermo-physical behavior of an ideal gas. Calibration demon-
strated the average uncertainty in the transducers inter distance of £0.1 mm.
Calibration with the pure Nitrogen (N3) and Argon (Ar) showed the same pre-
cision. After this calibration measurements were done in pure C3Fg and CyFg
separately, showing average difference of 0.04% [50] between measured sound
velocities and the predictions from NIST REFPROP [1] and PC-SAFT [51].

During the laboratory tests (see Section 5.3) multiple measurements were
done for the different concentration of C3Fg/CyFg blends in the mixture (from
0% up to 35% of CyFg). The average difference between the measurement val-
ues and the predictions from NIST REFPROP [1] is 0.05% and predictions from
PC-SAFT [51] is 0.25% (note: NIST is more precise in prediction of the thermo-

physical properties of the mixtures of the saturated fluorocarbons). Measurement
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results from the Sonar Analyzer and predicted values from NIST REFPROP and
PC-SAFT are presented in Figure 5.10 [50].
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Figure 5.10: Comparison between measured sound velocity data and the-
oretical predictions in molar C3Fg/CoFg mixtures of thermodynamic inter-
est, at 1.14 barg,s and 19.2°C. NIST-REFPROP sound velocity predictions
shown within +£1% band. The binary gas mixture uncertainty of 0.3% is
illustrated in red.

The uncertainty in the mixture concentration caused by the uncertainty in
the sound velocity measurement can be defined as d,,;, = d./m, where 0. is
uncertainty in sound velocity measurement and m is the local slope of the sound
velocity /concentration curve.

Calculation shows that uncertainty in the mixture concentration, based on
the measurement results from the Sonar Analyzer, is around £0.3% [50] (see Ap-

pendix D).

As mentioned above, in the SR1 Laboratory tests the Sonar Analyzer is used
as a vapour mixture concentration analyzing device, but it can also be used as a
gas flow meter. The flow rate is calculated from the sound transit times measured
upstream and downstream to the direction of the flow inside the sonar analyzer
according to the formulas presented in Table 5.1 [50].

Where:
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V - The gas volume flow [m®s™!].

¢ - The sound velocity in the gas [ms™!].
v - The linear flow velocity [ms™!].
L - The distance between transducers [m].

A - The internal cross sectional area of the tube between the transducers [m?].

Parameter Formula
Lann [05] ! L
own |11S own — 7~
d d (c+0)
L
tup (18] tup =

(c—v)
L A tu —t own
V [m?s] vV = X A X (tup — taown)
2 X (tup X taown)
_ L x (tup + tdown)
B 2 x (tup X tdown)

¢ [ms™!] c

Table 5.1: Flow Rate Calculation.

The measured flow values using the sonar analyzer were compared to the mea-
surement results from the Schlumberger Delta G16 (max. flow rate 25 m?hr~!
(417 Imin~1); precision +1% of FS;) volumetric gas flow meter installed next to
the sonar device in the vapour pipe line of the blending machine (see Section 5.1).
Measurements were performed in case of different flows in the system up to the
maximum possible flow in the blending machine of 230 Imin~! (30gs™!) and re-
sults are presented in Figure 5.11 [50].

The measurement error of the Schlumberger Delta G16 flow meter (1% of
FS) is presented on the plot as the horizontal error bars. The vertical error bars
represent the combination of the uncertainty in the tube diameter (£0.5mm),
timing precision (£100ns) and distance between transducers (£0.1 mm) in sonar
analyzer measurement results. The standard deviation (rms) of the sonar ana-
lyzer /ultrasonic flow meter relative to the fit equals to +4.91min™! (2% of full

scale) and is presented on the plot as the red band.
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Figure 5.11: The Sonar Analyzer flow measurement linearity comparison
with the Schlumberger Delta G16 flow meter. CsFg vapour at 1 barg,s and
20°C (density ~7.9kgm~3). The standard deviation (rms) of the measured
points from the fit represents +£2% of the full flow of 230 Imin~!.
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5.3 Mixture measurements and Results

After assembling blending machine and making necessary pipe modification from
blending machine to distribution rack, tests were repeated with pure CsFg to
ensure same operating conditions for the Laboratory Test Station. Results show
the same pressure and thermal conditions over the system as before (Section 4.2).

A new series of measurements were done and new data from the test system
was recorded and analyzed to investigate different proportions of C3Fg/CyFg
blends in the mixture and try to find improved / best conditions of mixture,
temperature distribution, pressure drops and flow parameters over the system,
to ensure the best cooling performance of SCT Barrel cooling loop.

Measurements were done with 13 bar,,s inlet pressure (as this is the nominal
inlet pressure for ATLAS ID cooling system), with different power (0 W, 3 W,
6 W, 9W, 10.5W) applied to dummy modules and with different vapour back
pressure (1.2 1) 1.6, 2.0, 2.5, 3.0 barg,) in system. All these measurements were
done for different percentage concentration (0%, 1%, 3%, 5%, 10%, 20%, 25%) of
CyFg fluorocarbon coolant in the C3Fg/CoFg mixture.

Thermal profile of cooling stave was studied in details to define evaporation
temperature over the stave with respect to new conditions dictated by C3Fg/CyFg
coolant mixture. Max.Temp. over the stave as a function of dome pressure
(pressure applied to BPR) for different power loads on modules, for 0% CyFg
(pure C3Fg) blend in mixture is presented in Figure 5.12 and for 25% CyFg blend
in mixture is presented in Figure 5.13.

Max.Temp. over the Stave as a function of real back pressure (pressure mea-
sured before the BPR) for different power loads on modules, for 0% CsFg blend
in mixture is presented in Figure 5.14 and for 25% CyFg blend in mixture is

presented in Figure 5.15.

'With current piping system (from BM to rack) having smaller pressure drop, it is possible
to replicate minimum back pressure of 1.2 bar,,s as it is in real ID Ev.cool system
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Figure 5.12: Max.Temp. as a function of Dome pressure for different
module power loads, with C3Fg saturation temperature line, in case of
13 bargps input liquid pressure. 0% CoFg. (0ptot.out = 9.86 mbar, oo =
0.35°C)

-10y
-12
-14
-16
-18
-20
-22
-24
-26
-2

T T
st [Hsv
fmow [How
3w 105w

fojsw

Max.Temp. [°C]

TTT‘TTT‘TTT‘TTT‘TTT‘TTT‘TTTITTTITTT

Pressure [bar ]
abs’

Figure 5.13: Max.Temp. as a function of Dome pressure for different
module power loads, with C3Fg/CyF¢ mixture liquid saturation and vapour
saturation temperature lines, in case of 13 bary,s input liquid pressure.
25% CQFG. (UP.tot.Out = 9.86 mbar, OT tot — 0.3500)
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Figure 5.14: Max.Temp. as a function of back pressure for different mod-
ule power loads, with C3Fg saturation temperature line, in case of 13 bar s
input liquid pressure. 0% CoF¢. (0ptor.out = 9.86 mbar, oot = 0.35°C)
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Figure 5.15: Max.Temp. as a function of back pressure for different
module power loads, with C3Fg/CyF¢ mixture liquid saturation and vapour
saturation temperature lines, in case of 13 bar,,s input liquid pressure.
25% CoFg. (0p.iot.out = 9.86 mbar, o7 4oy = 0.35°C)
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Max.Temp. over the Stave as a function of measured pressure at the middle
of the Stave (P_A2 pressure sensor, See schematic 4.2) for different power loads
on modules, for 0% CyF¢ blend in mixture is presented in Figure 5.16 and for

25% CyFg blend in mixture is presented in Figure 5.17.
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Figure 5.16: Max.Temp. as a function of measured pressure at the mid-
dle of the Stave for different module power loads, with C3Fg saturation
temperature line, in case of 13barg,s input liquid pressure. 0% CoF.
(UP.tot.Out = 986 rnbar, OT tot — 03500)
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Figure 5.17: Max.Temp. as a function of measured pressure over the
Stave for different module power loads,with C3Fg/CoFg mixture liquid sat-
uration and vapour saturation temperature lines, in case of 13 bar,,s input
liquid pressure. 25% CoFg. (0p.tot.out = 9.86 mbar, o 4o = 0.35°C)
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By comparing these results, it becomes obvious that by adding a higher per-
centage of CyFg to the coolant mixture, the evaporation temperature over the
stave falls down. To show a clear picture for temperature propagation over the
Stave in case of pure C3Fg (0% CyFg) and 25% CyFg blend in mixture, measured
temperature is plotted as a function of position (of NTC sensors) over the Stave.
Measurement results in case of 1.2 bary,s (open by-pass) back pressure in system
are presented on Figure 5.18 and in case of 2.0 bar,s back pressure in system
are presented on Figure 5.19. (results are presented for one half stave, sensors
from T_A1l to T_A25, since the second half is symmetrical and has a similar

temperature profile, See schematic 4.2)
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Figure 5.18: Max.Temp. for each temperature transducers for differ-
ent power load on modules, in the case of a 13 bary,, inlet pressure and
1.2 bargs back pressure in system. Results for pure C3Fg (0% C2Fg) and
25% CaF¢ blend in mixture. (o740t = 0.35°C)

The difference between maximum temperature over the stave in the case of
pure C3Fg (0% CoFg) and 25% CyFg blend in the mixture, for different power
loads on modules, as a function of back pressure in the system, is presented in
Figure 5.20. Results show that by adding 25% CyF¢ to the blend mixture it is
possible to lower the evaporation temperature over the stave by ~9°C (with the

maximum 10.5 W power per module).
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Figure 5.20: Difference in Max.Temp. over the Stave in case of

pure C3Fg (0% CoFg) and 25% CoFg blend in mixture, for different

power load on modules, as a function of back pressure in system.
(0Ptot.out = 9.86 mbar, o140t = 0.35°C)
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Measurement results for Max.Temp. over the stave as a function of each per-
centage concentration of CoFg blend in coolant mixture is presented in Figure 5.21.
Results for 0%, 1%, 3%, 5%, 10%, 20%, 25% clearly show that temperature over

the stave is lowered by adding more and more CyFg to the blend.
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Figure 5.21: Max.Temp. over the stave changing according to the con-
centration of CoFg blend in the coolant mixture, for different module power
loads, with 13 bar,ps input liquid pressure and 1.2 bar,;s back pressure in
system. (o pri0% = 0.32%, o110t = 0.35°C)

With nominal running conditions for the SCT Barrel cooling circuit, pre-
suming 13 bar,,s input liquid pressure and 1.2 bar,,, vapour back pressure in the
system, nominal 6 W power load per unirradiated module and 10.5 W power load
per irradiated module, now it is possible to keep the evaporation temperature of
the coolant over the stave below the necessary -15°C (Section 3.1). Therefore it
becomes possible to guarantee the thermal stability of the Inner Detector, even
at the end of the 10 year operational period.

Work done and measurements made in the laboratory, using the cooling Test
Station and Blending Machine, prove that problems (stated above in Chapter 3)
for the SCT Barrel evaporative cooling system can be overcome by finding the

proper concentration of C3Fg/CyFg for the coolant mixture.
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Measurements for each percentage concentration were repeated in two cycles
to recheck / reassure the validity of the results. Maximum Temperature over the
stave as a function of CyFg concentration in the blend mixture measured in first
and second cycles is presented in Figure 5.22. Results are presented incorporating

a correction coefficient (See Appendix C).
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Figure 5.22: Max.Temp. over the Stave changing according to
concentration of CoFg blend in coolant mixture, for different module
power loads, in case of 13bargs input liquid pressure and 1.2 bargs
back pressure in system. First and Second cycle of measurements.
(0 Mz = 0.32%, o140t = 0.35°C)

Since the 0% measurements for the first cycle were the very first measure-
ments done with laboratory station, the values were measured not entirely correct
(temperature inside the Plexiglass box was higher than necessary, giving almost
1°C mistake in measurement), otherwise measurements made approximately six
months apart, for different percentage concentration and different power per mod-
ule match very well, proving the accuracy of the measurement procedure used in
laboratory with cooling Test Stand.

The overall thermodynamic behavior of the system in case of pure C3Fg is
shown on the Pressure-Enthalpy diagram in Figure 5.23 and in case of 25% CyFg
blend in the mixture in Figure 5.24. Each of the stages are described in Table 5.2.
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Phase Diagram of the SR1 laboratory test
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Figure 5.24: Phase Diagram of the SR1 laboratory test station. 25% CoFg

blend in mixture.
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Between Points

Description

AtoB

BtoC

Cto Dl

Dl to Dg

DQ to D3

D3 to E

Eto E

E toF

FtoF

FtoA

Table 5.2:

refrigerant vapour is compressed at 9bary,s and 70°C and is delivered to the
condenser / storage tank.

refrigerant vapour condenses inside the condenser / storage tank into liquid at
27°C and is delivered to the additional pump for the continuous running cycle.
in case of 25% CyFg blend in mixture, refrigerant vapour condenses into the
liquid at 3°C.

refrigerant in liquid state from the storage tank is sub-cooled before the pump
to 17°C and pressure is raised by the pump to 16 bar,,s and refrigerant in
liquid state is delivered to the distribution rack.

in case of 25% CyFg blend in mixture, refrigerant is warmed up to 17°C.

the pressure drop over the pressure regulator in the distribution rack where
the pressure value on the pressure regulator is set to 13 bar ,.

sub-cooling system (heat exchanger) where inlet liquid is sub-cooled to -15°C
(-25°C in case of 25% CoFg blend in mixture) by the counter flow vapour/liquid
remaining in the exhaust line to provide as big an enthalpy budget as possible.
Note: sub-cooling temperature (position of point D3) changes depending on
heat load on the modules.

the pressure drop over the throttling element (Capillary). Note: position of
point E changes depending on heat load on the modules.

refrigerant evaporates inside the cooling stave removing heat from the modules.
Note: on the diagram there are presented three different positions correspond-
ing to the different power load on the modules (0 W, 6 W, 10.5 W).

Note the difference in evaporation temperature between pure CsFg and
25% CyFg blend in mixture.

the amount of the enthalpy used in the heat exchanger to cool down the inlet
liquid (corresponding to D2 to D3). Note: different positions for 0W, 6 W,
10.5W.

the heater evaporates the remaining liquid and the vapour is warmed up to
20°C (above the dew point). Note: different positions for 0W, 6 W, 10.5 W.

the pressure drops over the return lines, from the exit of the heater to the front

of the compressor; including pressure drop over the back pressure regulator and
over the return lines from rack to the compressors.

Description of the thermodynamic stages in the SR1 laboratory

test station Phase Diagrams Figure 5.23 and Figure 5.24.
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Laboratory measurement results were also compared to theoretical predictions
made using NIST REFPROP [1]. Measured values of maximum temperature over
the stave as a function of CoFg blend concentration in the coolant mixture, com-
pared to theoretical predictions are presented on Figure 5.25 for 0 W power load
per module, on Figure 5.26 for 6 W power load per module and on Figure 5.27 for
10.5 W power load per module. The lower border line for the theoretical predic-
tion band represents the saturated liquid temperature line for C3Fg/CsFg coolant
mixture and the top border line represents the saturated vapour temperature line
for the same mixture. Therefore the theoretical prediction band can also be as-
sumed as mixture’s “vapour quality field” (changing from liquid to vapour). It
clearly can be seen that measured values perfectly match theoretically predicted

values.
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Figure 5.25: Measured Max.Temp. over the Stave changing according
to concentration of CoFg blend in coolant mixture, compared to theoreti-
cal predictions from NIST REFPROP [1], for 0w power load per module,
in case of 13barg,, input liquid pressure and 1.2 barg,,s back pressure in
system. (o pri0% = 0.32%, o110t = 0.35°C)
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Figure 5.26: Measured Max.Temp. over the Stave changing according
to concentration of CoFg blend in coolant mixture, compared to theoreti-
cal predictions from NIST REFPROP [1], for 6 w power load per module,
in case of 13bary,, input liquid pressure and 1.2 barg,,s back pressure in
system. (o pri0% = 0.32%, o110t = 0.35°C)
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Figure 5.27: Measured Max.Temp. over the Stave changing according to
concentration of CoFg blend in coolant mixture, compared to theoretical
predictions from NIST REFPROP [1], for 10.5w power load per module,
in case of 13bar,,s input liquid pressure and 1.2 barg,s back pressure in
system. (01109 = 0.32%, o710t = 0.35°C)
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Predicted temperature values from NIST REFPROP [1], for the coolant mix-
ture in liquid phase and in vapour phase, for a measured pressure at the middle of
the stave (P_A2), for different concentrations of CoFg and different power applied

to modules are presented in Table 5.3.

% W P_A2 VT LT

0 0 2036.9 -20.075 -20.075
6 2435.2 -15.352 -15.352
10.5 2671.6 -12.823 -12.823

% W P_A2 VT LT

1 0 2027 -20.438 -21.496
6 2443.9 -15.498 -16.51
10.5 2671.8 -13.064 -14.054

% W P_A2 VT LT

3 0 2041.8 -20.738 -23.772
6 2454.7 -15.885 -18.798
10.5 2689.2 -13.397 -16.249

% W P_A2 VT LT

5 0 2051.6 -21.095 -25.931
6 2464.8 -16.28 -20.934
10.5 2699.1 -13.81 -18.372

% W P_A2 VT LT

10 0 2078.7 -21.999 -30.633
6 2482.8 -17.376 -25.736
10.5 2714.8 -14.976 -23.196

% W P_A2 VT LT

20 0 2178.5 -23.439 -37.165
6 2550.9 -19.381 -32.809
10.5 2799.2 -16.929 -30.174

% W P_A2 VT LT

25 0 22111 -24.465 -39.815
6 2570.6 -20.637 -35.704
10.5 2830.9 -18.105 -32.98

Table 5.3: Predicted temperature values from NIST REFPROP [1] for
measured pressure at the middle of the Stave in case of different concen-
tration of CoFg blend in coolant mixture and different power applied to
modules.
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Laboratory measurement results for the pressure drop over the stave are also
compared to the theoretical predictions done based on the two-phase pressure
drop calculation theoretical model by Whalley [57] [58] which uses separated flow
models: Friedel correlation [57] [59], Lockhart-Martinelli correlation [57] [60] and
Chisholm correlations [57] [61] for the calculation of the frictional pressure drop.

To calculate pressure drop values based on these theoretical models, special
software FLUDY [57] is used. Calculations are done for the pressure drops over
the stave pipe (half of the by-stave with 24 modules mounted on it, second half
is symmetrical) with the different power load on the modules : 0 W, 6 W, 10.5 W.
Since the physical geometry of the custom design manifold connecting stave to
the heat exchanger is very complicated, as is also the heat exchanger which is
custom made and has flattened (instead of cylindrical) pipe part at the exit, it is
impossible/very complicated to calculate pressure drops over the entire cooling
circuit. Calculations are done for the pressure drop over the stave pipe (P_Al
to P_A3): straight stave tube part (1st_half), bend, straight stave tube part
(2nd_half), see the drawing of the SCT Barrel stave on Figure 2.4.

Calculation results for the predicted pressure drop over the stave in case
of different power load on the modules are presented on the P-H diagrams on
Figure 5.28.

Calculation results for the predicted pressure drop as a function of the position
over the stave in case of different power load on the modules are presented on

Figure 5.29.
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Figure 5.28: Calculation results for the predicted pressure drop over the
stave in case of 0W, 6 W, 10.5 W power load per module.
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Figure 5.29: Calculation results for the predicted pressure drop as a

function of the position over the stave in case of 0W, 6 W, 10.5 W power
load per module.
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Calculated values for the predicted pressure drop over the stave (P_A1 to P_A3)

are compared to the measured pressure drop values (see Appendix C.7) in Table 5.4.

AP | Ow | 6w | 10.5w
Predicted | 77.0 | 233.0 | 313.0

Measured | 85.8 | 213.0 | 334.7

Table 5.4: AP compared predicted and measured values in case of Ow,
6w, 10.5w power load on the modules.

As it can bee seen from Table 5.4 measured and theoretical values for the
pressure drop over the stave agree quite well. Therefore the pressure drops in the
stave, which make up approximately 25% of the total vapour side pressure drop,
can be considered well understood and in agreement with theory. As mentioned
above, due to the very complex geometry, the pressure drops in the HEX and
stave manifold which contribute together approximately 60% of the total vapour

side pressure drops were not calculable.
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Heat transfer coefficient change for the C,F;/C;F; blends

To ensure that by adding 25% CyFg blend into the coolant mixture heat transfer
coefficient does not change significantly and this change does not affect tempera-
ture difference between the coolant and the module itself, additional temperature
sensors are installed under the modules (between the ceramic plate and the cool-
ing block). Temperature sensors are installed under every second module (M1,
M3, M5, ..., M23), in the direct path of the heat flow. Temperature over the stave
pipe (coolant temperature) and temperature under the modules is measured for
0W, 6 W, 10.5 W power load per module, in case of pure CsFg, 13 bary,s input
liquid pressure and 1.2 bar,,s back pressure in system. Measurement results are

presented on Figure 5.30.
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Figure 5.30: Measured temperature over the stave pipe and measured
temperature under the modules, for 0 W, 6 W, 10.5 W power load per mod-
ule, in case of pure C3Fg, 13 bar,s input liquid pressure and 1.2 bar,;s back
pressure in system. (o7 pipe = 0.35°C, 07 modute.ow = 0.39°C, 0T module.6w =
1~35OC>UT.module.10.5w = 1-700)

Measurement error is caused by the possible small variation in NTC sensor
attachment (sensors could be not uniformly attached between the ceramic plate

and the cooling block), standard deviation in measured temperature values is
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presented as an error bars on the plot and in figure capture.
Measurements are repeated in case of 25% CyFg blend into the coolant mix-

ture. Measurement results are presented on Figure 5.31.
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Figure 5.31: Measured temperature over the stave pipe and measured
temperature under the modules, for OW, 6 W, 10.5 W power load per
module, in case of 25% CoFg blend in coolant mixture, 13 bargs in-
put liquid pressure and 1.2bargs back pressure in system. (o7pipe =

0.35°C, o7 modute.ow = 0.39°C,0T.modute.6w = 1.35°C, 07 module.1050w =
1.7°C)

Temperature of the coolant under each module is calculated as an average

between the measured temperature before and after the module:

(T-Ap — T-Apsr)
2

Tcool.Mn =

For each module difference between the measured temperature under the mod-
ule (Ty,) and the coolant temperature under the module (T¢por0s) is calculated

as:

A,-Z—'Mn = TMn - Tcool.Mn
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For all modules the average in the difference between the module temperature
(temperature under the module) and the coolant temperature under the module

is calculated as:

ATry = "ZlT

Where:

Teool.vin - Temperature of the coolant under each module [°C].

T_A, - Temperature of the coolant before the module [°C].

T_A,+1 - Temperature of the coolant after the module [°C].

A Ty, - Difference between the measured temperature under the module and
the coolant temperature under the module [°C].

T - Measured temperature under the module [°C].

ATy - Average (for all modules) in difference between the module temper-
ature and the coolant temperature [°C].

N - Number of modules.

The average in the difference between the module temperature and the coolant
temperature A Ty, is calculated in case of different power loads on the modules
(OW, 6W, 10.5W), in case of 0% and 25% CyFg blend in coolant mixture. Results
are presented on Figure 5.32 and in Table 5.5.
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Figure 5.32: Change in difference (A T4,,) between the measured tem-
perature over the stave pipe (coolant temperature) and the measured tem-
perature under the modules, for 0w, 6 w, 10.5w power load per module,
in case of pure C3Fg and 25% CsFg blend in coolant mixture, 13 bargs
input liquid pressure and 1.2barg,s back pressure in system. (o7pipe =

0-35OCaUT.module.0w = 0-390C70T.module.6w = 1-35OC70T.module.1O.5w =
1.7°C)

ATa | 0% | 25%
OW | 094 | 1.26
6W | 10.86 | 11.32
10.5W | 16.79 | 16.93

Table 5.5: ATy, in case of different power load on the modules (OW,
6W, 10.5W), in case of 0% and 25% CsF¢ blend in coolant mixture .

Results clearly show that difference between the coolant temperature and the
module temperature does not change significantly by adding 25% CyFg blend into
the coolant mixture, therefore change in heat transfer coefficient of the coolant

is negligible.
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Chapter 6

Summary Conclusions

Extensive tests and exhaustive measurements presented previously were per-
formed by the author of this thesis to study in detail and to solve the prob-
lems that became appearing after the installation and initial operation of the
ATLAS Inner Detector Evaporative Cooling System. After the early operational
period of the cooling system concerns arose about the consistency of the system’s
performance and working parameters as well as with predictions made at the
design stage of the project. Reassessment of LHC/ID operation scenarios, lumi-
nosity profiles and effects on silicon modules (depletion voltage, leakage current)
(Section 3.1) shows that for thermal stability of the inner detector, especially
at the end of 10 years operation period, the critical cooling temperature (evap-
oration temperature of coolant) should be around -15°C. This temperature is
higher than the design temperature for ID Evaporative Cooling System (TDR)
(Sections 2.2 and 2.4), but big concerns were raised about unexpected pressure
drops in the cooling system, over the vapour return piping system from detector
to the distribution racks, affecting temperature of coolant and therefore question-
ing the possibility of having the design -25°C temperature or the necessary -15°C
temperature over the cooling Stave (Section 3.2).

To examine this subject in more details, a new test setup was assembled at
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CERN in SR1 Laboratory (Section 4.1). This setup, assembled with spare parts
from the in-pit installation, represents an exact replica of one cooling circuit of
real ATLAS ID evaporative cooling system.

Measurements were performed on the laboratory setup for different opera-
tional parameters and conditions of the system. Pressure drops over the differ-
ent parts of the system and the thermal profile of the cooling stave was exam-
ined for different input liquid pressure (10 barys, 11 bar,,s, 12barg,, 13 bargs),
with different power load on modules (0 W, 3W, 6 W, 9W, 10.5 W) and different
back pressure (dome pressure): “Open By-pass” (1.3 bargs), 1.6 bargs, 2 bargs,
2.5 bar s, 3bargs, 4bargs, 5bargs, 6 bary,s (Section 4.2). The same refrigerant,
Octafluoropropane (R218) C3Fg, was used as a coolant in the test system as it is
in ATLAS ID Ev.Cooling System (Sections 2.3 and 2.4).

Measurement results for pressure drops in the system and temperature over
the cooling stave (Section 4.2) showed that the ATLAS Evaporative Cooling Sys-
tem, running with nominal / standard operation conditions of 13 barg, inlet
pressure, 1.2 bar,,s minimum possible back pressure and 6 W nominal power per
module, cannot achieve the design evaporation temperature of -25°C nor the nec-
essary evaporation temperature of -15°C for 10.5 W maximum power per module
(after the irradiation). Therefore the thermal stability of the Inner Detector
cannot be guaranteed close to the end of the operation period.

To improve the cooling performance of the system and guarantee proper op-
eration of the ATLAS ID over the entire working period, since it is impossible to
do any mechanical modifications of the system, different concentrations of Hex-
afluoroethane (R116) CyFg and Octafluoropropane (R218) C3Fg mixture instead
of pure C3Fg coolant were tested as a refrigerant utilized in the cooling system.
By using this method the evaporation pressure for the same evaporation temper-
ature can be raised, giving the possibility to overcome unexpected pressure drops
in the system and to have the necessary evaporation temperature over the stave

even with the minimum possible back pressure in the system.
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To perform tests with a different concentration of coolant blends, a new
“blending” machine was assembled in the SR1 laboratory, with a new “on-line
acoustic flow meter and fluorocarbon coolant mixture analyzer” (Sonar Ana-
lyzer) attached to it (Sections 5.1 and 5.2). Tests were made for different percent-
ages of CoFg (1%, 2%, 3%, 5%, 10%, 20%, 25%) coolant in a C3Fg/CyFg mixture
with different pressure and temperature parameters of the cooling test system
(Section 5.3) and the best percentage concentration was found, giving the pos-
sibility to operate the existing ATLAS ID evaporative cooling system with the
necessary pressure and thermal standards.

Results of extensive tests made for C3Fg/CyoFg refrigerant mixture (Section 5.3)
prove that with 25% of CyFg in the blended mixture, with nominal operation pa-
rameters (Sections 2.2 and 2.4) and with respect to operational scenarios and
predicted luminosity profiles (Section 3.1), the ATLAS Inner Detector Evapora-
tive Cooling System can achieve the necessary evaporation temperature below
the -15°C over the cooling stave and secure Inner Detector’s thermal stability

and proper maintenance over the entire operation period.
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After three years of the LHC operation, when work on this thesis was close to
finish, reassessment of the luminosity profile, depletion voltage, leakage current
and the thermal runaway critical points was done again based on the current data.
New values for the luminosity profile, with respect to the changes in the LHC
operation plan meaning the long shut down periods in years 2012, 2013 and 2018,
show that total integrated luminosity up to now equals to ~20-25fb~! and at the
end of the ten years operation period will be 2350 fb~! [62]. This value is almost
twice less then it was predicted few years ago ~629 fb~! (See Section 3.1). Recent
recalculation of the depletion voltage and leakage current over the silicon sensors
[63] shows that total dissipated power from the irradiated modules will be less
than assumed before; ~7.5W (silicon sensor 200 Vx1.0mA = 0.2W + module
hybrid power 6.5 W + there is no convective heat load observed for top modules
+ safety margin for the cooling system 0.8 W) instead of ~10.5 W. Based on the
thermal runaway critical point calculation, with respect to current luminosity
profile and operation scenario, it can be assumed that ATLAS inner detector
evaporative cooling system is capable to remove the heat from the irradiated
modules by providing the coolant temperature in the cooling stave at -5°C (See
Section 3.1, Table 3.1, Figure 3.5 and Section 4.2, Table 4.6, Figure 4.19).

This leads to the general conclusion that current evaporative cooling system
for the ATLAS inner detector can safely provide proper maintenance of the inner
detector over the full time of operation period.

Different concentration of C3Fg/CyFg blends in refrigerant mixture can and
will be used as a back up solution for the cooling in the new project ”Full Scale

ThermoSiphon cooling system for the ATLAS ID” built in 2013 [64].
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Appendix A

List of abbreviations

Abbreviation Description Definition
LHC Large Hadron Colider page 2
CERN Conseil Europen pour la Recherche Nuclaire page 2
PS Proton Synchrotron page 3
SPS Super Proton Synchrotron page 3
ATLAS A Toroidal LHC Apparatus page 3
CMS Compact Muon Solenoid page 3
LHCb LHC beauty experiment page 4
ALICE A Large Ion Collider Experiment. page 4
LAr Liquid Argon page 10
SCT SemiConductor Tracer page 19
TRT Transition Radiation Tracer page 19
1D Inner Detector page 19
MDT Momitored Drift Ttube page 12
CSCs Cathode Strip Chambers page 12
TGCs Thin Gap Chambers page 12
RPCs Resistive Plate Chambers page 12
ROD ReadOut Driver page 16
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APPENDIX A. LIST OF ABBREVIATIONS

Abbreviation Description Definition
TDR Technical Design Report page 27
NTC Negative Temperature Coefficient page 30
ASIC Application-Specific Integrated Circuit page 30
TPG Thermal Pyrolitic Graphite page 31
HEX Heat Exchanger page 45
PLC Programmable Logic Controller page 46
DCS Detector Control System page 68
DAQ Data Acquisition System page 68
FSM Finite State Machine page 68
DPS Distributed Power Supply page 61
ADC Analog to Digital Converter page 97
USB Universal Serial Bus Cable page 97
BM Blending Machine page 111
FS Full Scale page 185
RD Reading (accuracy) page 190
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Appendix C

Pressure Drops and Flow Values

Below are presented tables for different Inlet / Outlet pressures in the system
and different powers on the modules, showing pressure drops over the different
parts of cooling structure. Values are presented in mbars and percentage (%).
Refrigerant used in system is pure C3Fs.

Flow Values are presented for different inlet pressures in the system and dif-

ferent powers per module, in case of minimum possible back pressure of 1.3 bar .

168



APPENDIX C. PRESSURE DROPS AND FLOW VALUES

Pressure drops in the system (mBar)
BPR \ln)/t;pri Heater | HEX | Manifold | Stave D];ifte‘;z:se . ;_‘:;::e'zror Total DP
10Bar P_BBPR - P AH- P_BH - P_VAM - P_A3 - P_A1- P dome and P VAM - P_A1-
P_BFM P BBPR P_AH P_BH P_VAM P_A3 P BBPR P BBPR P_BBPR

Open_0W 7.8 139.4 9.6 276.9 31.4 73.1 -134.2 425.9 530.5
Open_3W 7.1 146.9 4.3 350.3 78.6 135.9 -132.1 501.6 716.1
Open_6W 7.6 133.1 11.3 405.4 128.9 202.4 -133.5 549.8 881.0
Open_9W 8.9 136.2 0.7 432.0 187.8 335.9 -136.4 569.0 1092.7
Open_10.5W 7.7 133.0 6.3 431.9 208.5 382.4 -130.6 571.1 1162.0
1.6_0W 637.6 99.2 -0.3 174.6 20.2 56.2 -371.6 2735 350.0
1.6_3W 626.0 103.6 -2.5 241.7 56.7 107.7 -357.3 342.8 507.2
1.6_6W 612.9 108.7 9.4 291.8 98.4 172.7 -342.9 391.1 662.1
1.6_9W 603.9 104.6 -8.9 311.3 145.9 264.9 -329.8 406.9 817.8
1.6_10.5W 599.0 103.4 -7.3 304.1 160.5 315.6 -328.0 400.3 876.4
2.0_0w 764.3 91.6 -1.6 164.2 18.6 56.5 -103.9 254.3 329.5
2.0_3w 737.3 101.7 -8.6 226.6 53.9 103.7 -84.8 319.7 477.4
2.0_6W 743.3 89.1 0.6 274.7 93.2 164.3 -77.2 364.4 621.9
2.0_9wW 730.4 101.0 -12.4 293.3 131.9 234.7 -60.3 381.9 748.5
2.0_10.5W - - - - - - - - -
2.5_0wW 1002.4 95.6 -14.8 136.1 104 50.9 167.9 217.0 278.3
2.5_3wW 998.1 87.2 -7.0 197.2 44.3 97.6 171.9 277.5 419.3
2.5_6W 992.4 79.6 -0.9 243.5 82.7 153.1 179.4 322.2 558.0
2.5 9w 984.4 85.1 -6.3 257.4 118.4 2153 187.7 336.2 669.9
2.5_10.5W - - - - - - - - -
3.0_0wW 1496.5 80.3 -13.2 99.1 8.5 36.5 177.6 166.3 211.3
3.0_3wW 1511.8 69.7 -6.3 148.8 35.1 76.4 169.0 212.2 323.7
3.0_6W 1512.4 68.4 -5.0 187.7 67.0 126.4 167.1 251.1 444.5
3.0_9wW 1522.1 69.7 -8.1 195.3 94.3 181.5 160.8 257.0 532.8
3.0_10.5W - - - - - - - - -
4.0_0W 2590.3 55.8 -8.9 65.5 -0.2 25.2 934 112.5 137.5
4.0_3W 2598.3 57.6 -11.4 82.7 18.7 55.8 91.7 129.0 203.6
4.0_6W 2595.3 63.0 -16.8 109.9 41.3 94.1 94.2 156.0 291.4
4.0_9W 2586.0 62.1 -18.0 111.5 59.3 129.7 104.7 155.6 344.6
4.0 10.5W - - - - - - - - -
5.0_0wW 3595.4 53.1 -15.3 60.8 -10.6 24.7 92.3 98.7 112.8
5.0_3W 3591.1 53.2 -16.0 54.8 9.4 44.0 99.8 92.0 145.4
5.0_6W 3591.3 47.7 -13.1 73.6 24.5 70.4 100.9 108.2 203.1
5.0_9wW 3599.9 41.6 -7.2 62.2 37.3 99.4 91.5 96.6 233.4
5.0_10.5W - - - - - - - - -
6.0_0W - - - - - - - - -
6.0_3W - - - - - - - - -
6.0_6W - - - - - - - - -
6.0_6W - - - - - - - - -
6.0_10.5W - - - - - - - - -

Table C.1: Pressure drops in cooling structure (input liquid pressure
10 bargs / table items given in mbars).
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APPENDIX C. PRESSURE DROPS AND FLOW VALUES

Pressure drops in the system (% from Total DP)
BPR |Pipe work| Heater HEX Manifold | Stave D;g:;z:ge ofo-(:it:tlelzfor Tgt:lll?P
10Bar P_BBPR-| P_AH- P_BH- | P_VAM - P_A3 - P_Al- P domeand| P VAM - P ﬁBPR

P_BFM | P_BBPR P_AH P_BH P_VAM P_A3 P BBPR P_BBPR (mBar)
Open_0W - 26 2 52 6 14 - 80 530.5
Open_3W - 21 1 49 11 19 - 70 716.1
Open_6W - 15 1 46 15 23 - 62 881.0
Open_9W - 12 0 40 17 31 - 52 1092.7
Open_10.5W - 11 1 37 18 33 - 49 1162.0
1.6_0W - 28 0 50 6 16 - 78 350.0
1.6_3W - 20 0 48 11 21 - 68 507.2
1.6_6W - 16 -1 44 15 26 - 59 662.1
1.6_9W - 13 -1 38 18 32 - 50 817.8
1.6_10.5W - 12 -1 35 18 36 - 46 876.4
2.0_0W - 28 0 50 6 17 - 77 329.5
2.0_3W - 21 -2 47 11 22 - 67 477.4
2.0_6W - 14 0 44 15 26 - 59 621.9
2.0_9W - 13 -2 39 18 31 - 51 748.5
2.0_10.5W - - - - - - - - -
2.5_0W - 34 -5 49 4 18 - 78 278.3
2.5_3W - 21 -2 47 11 23 - 66 419.3
2.5_6W - 14 0 44 15 27 - 58 558.0
2.5_9W - 13 -1 38 18 32 - 50 669.9
2.5_10.5W - - - - - - - - -
3.0_0W - 38 -6 47 4 17 - 79 211.3
3.0_3W - 22 -2 46 11 24 - 66 323.7
3.0_6W - 15 -1 42 15 28 - 56 4445
3.0_9W - 13 -2 37 18 34 - 48 532.8
3.0_10.5W - - - - - - - -
4.0_0W - 41 -6 48 0 18 - 82 137.5
4.0_3W - 28 -6 41 9 27 - 63 203.6
4.0_6W - 22 -6 38 14 32 - 54 291.4
4.0_9W - 18 -5 32 17 38 - 45 344.6
4.0_10.5W - - - - - - - - -
5.0_0wW - 47 -14 54 -9 22 88 112.8
5.0_3wW - 37 -11 38 6 30 63 145.4
5.0_6W - 23 -6 36 12 35 53 203.1
5.0_9wW - 18 -3 27 16 43 41 2334
5.0_10.5W - - - - - - - - -
6.0_0W - - - - - - - - -
6.0_3W - - - - - - - - -
6.0_6W - - - - - - - - -
6.0_6W - - - - - - - - -
6.0_10.5W - - - - - - - - -

Table C.2: Pressure drops in

cooling structure (input liquid pressure

10 bargs / table items given in percentage of total pressure drop in vapour
return line. %).
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Pressure drops in the system (mBar)
BPR vl\)/:')l:‘i Heater | HEX | Manifold | Stave D;g;r,‘:ﬁe TotalDP | Total DP
11Bar PBBPR- | 0 " PBH- |PVAM-| P.A3- PAL- | and | Cff-detector P_Al-
P_BFM P BBPR P_AH P_BH P_VAM P_A3 P BBPR P_VAM - P_BBPR| P_BBPR

Open_0W 9.0 126.8 35.0 305.7 33.7 81.8 -165.2 467.6 583.1
Open_3W 8.3 124.0 34.6 390.2 82.6 143.8 -153.1 548.8 775.2
Open_6W 8.1 122.6 33.5 450.0 136.4 208.8 -152.0 606.1 951.3
Open_9W 8.4 1215 31.5 499.9 184.5 294.6 -145.2 652.9 1132.0
Open_10.5W 7.7 132.7 19.5 494.7 222.9 395.8 -143.6 646.9 1265.6
1.6_0W 727.1 83.0 20.0 188.7 19.4 56.2 -464.9 291.7 367.2
1.6_3W 705.8 83.2 213 260.6 60.8 108.5 -445.3 365.1 534.4
1.6_6W 694.6 81.7 19.4 318.5 99.7 174.7 -432.7 419.5 694.0
1.6_9W 687.2 81.0 19.0 345.0 136.7 242.6 -423.2 445.0 824.4
1.6_10.5W 683.5 79.3 17.6 347.5 165.2 306.1 -416.8 444.3 915.6
2.0_0W 796.4 83.7 131 185.4 223 59.3 -155.7 282.3 363.8
2.0_3W 799.9 814 16.8 252.3 58.1 112.7 -141.5 350.4 521.2
2.0_6W 792.9 80.8 16.3 301.1 99.1 169.0 -130.8 398.3 666.3
2.0_9W 780.8 79.0 14.2 325.0 136.4 2319 -122.0 418.3 786.5
2.0_10.5W 800.3 77.4 13.3 319.1 158.5 311.0 -143.0 409.9 879.4
2.5_0W 1020.2 72.6 141 154.2 17.1 50.0 1304 240.9 308.0
2.5_3W 1016.7 714 14.3 2215 48.6 99.7 135.6 307.2 455.5
2.5_6W 1003.4 71.2 15.3 272.0 90.4 157.7 149.9 358.6 606.7
2.5_9W 999.3 713 11.2 287.2 128.1 217.2 155.6 369.7 715.0
2.5_10.5W 1030.3 69.5 121 287.7 145.2 286.2 127.4 369.2 800.6
3.0_0wW 1462.9 59.7 8.7 121.3 10.6 38.6 196.5 189.7 2389
3.0_3wW 1473.8 57.0 13.4 171.7 41.9 83.1 195.7 242.2 367.2
3.0_6W 1476.5 56.0 13.6 217.4 74.0 138.0 186.6 287.0 498.9
3.0_9wW 1472.6 56.7 12.5 2375 104.3 190.8 191.4 306.7 601.9
3.0_10.5wW 1475.2 54.3 10.9 238.9 119.6 229.6 190.0 304.2 653.4
4.0_0W 2603.7 433 3.6 74.2 4.1 27.1 59.6 121.1 152.3
4.0_3W 2603.2 41.5 4.0 103.4 22.6 60.9 60.5 148.9 232.4
4.0_6W 2598.9 40.6 5.9 135.0 46.8 101.0 61.9 181.5 329.2
4.0_9W 2594.2 42.1 2.4 147.1 69.7 142.9 71.0 191.6 404.2
4.0_10.5W 2591.9 40.5 3.5 139.8 75.5 166.5 73.1 183.8 425.8
5.0_0wW 3578.9 221 7.0 63.7 5.2 21.7 93.2 92.8 119.7
5.0_3wW 3564.4 28.1 4.2 73.2 12.9 47.2 108.1 105.5 165.5
5.0_6W 3563.5 29.2 4.5 95.1 30.9 77.4 110.6 128.8 237.1
5.0_9wW 3561.8 27.8 7.4 95.3 45.9 110.1 112.8 130.6 286.6
5.0_10.5W 3547.3 27.6 6.3 85.2 48.1 1304 125.9 119.1 297.6
6.0_0W 4611.9 15.8 11.7 67.5 -2.1 21.8 51.1 95.0 114.7
6.0_3W 4618.6 15.4 11.9 57.1 6.7 39.5 53.9 84.4 130.7
6.0_6W 4612.4 11.3 10.9 65.2 18.1 65.5 51.6 87.3 171.0
6.0_9W 4600.3 14.5 10.1 60.4 29.1 83.1 74.0 85.0 197.1
6.0_10.5W - - - - - - - - -

Table C.3: Pressure drops in cooling structure (input liquid pressure
11 bargs / table items given in mbars).
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Pressure drops in the system (% from Total DP)
BPR Pipe work | Heater HEX Manifold Stave Dtl)if:evl;z:;e of?—?:lt:tle[c)ror TgtaAll[?P
11Bar P_BBPR - P_AH - P_BH - P_VAM - P_A3- P_A1- P dome and P VAM - p EBPR

P_BFM P_BBPR P_AH P_BH P_VAM P_A3 P BBPR P_BBPR (mBar)
Open_0OW - 22 6 52 6 14 - 80 583.1
Open_3W - 16 4 50 11 19 - 71 775.2
Open_6W - 13 4 47 14 22 - 64 951.3
Open_9W - 11 3 44 16 26 - 58 1132.0
Open_10.5W - 10 2 39 18 31 - 51 1265.6
1.6_0W - 23 5 51 5 15 - 79 367.2
1.6_3wW - 16 4 49 11 20 - 68 534.4
1.6_6W - 12 3 46 14 25 - 60 694.0
1.6_9W - 10 2 42 17 29 - 54 824.4
1.6_10.5W - 9 2 38 18 33 - 49 915.6
2.0_0W - 23 4 51 6 16 - 78 363.8
2.0_3W - 16 3 48 11 22 - 67 521.2
2.0_6W - 12 2 45 15 25 - 60 666.3
2.0_9W - 10 2 41 17 29 - 53 786.5
2.0_10.5W - 9 2 36 18 35 - 47 879.4
2.5_0W - 24 5 50 6 16 - 78 308.0
2.5_3wW - 16 3 49 11 22 - 67 455.5
2.5_6W - 12 3 45 15 26 - 59 606.7
2.5_9W - 10 2 40 18 30 - 52 715.0
2.5_10.5W - 9 2 36 18 36 - 46 800.6
3.0_0W - 25 4 51 4 16 - 79 238.9
3.0_3wW - 16 4 47 11 23 - 66 367.2
3.0_6W - 11 3 44 15 28 - 58 498.9
3.0_9W - 9 2 39 17 32 - 51 601.9
3.0_10.5W - 8 2 37 18 35 - 47 653.4
4.0_0W - 28 2 49 3 18 - 80 152.3
4.0_3W - 18 2 44 10 26 - 64 232.4
4.0_6W - 12 2 41 14 31 - 55 329.2
4.0_9W - 10 1 36 17 35 - 47 404.2
4.0_10.5W - 10 1 33 18 39 - 43 425.8
5.0_0W 18 6 53 4 18 - 78 119.7
5.0_3wW - 17 3 44 8 28 - 64 165.5
5.0_6W - 12 2 40 13 33 - 54 237.1
5.0_9W - 10 3 33 16 38 - 46 286.6
5.0_10.5W - 9 2 29 16 44 - 40 297.6
6.0_0W - 14 10 59 -2 19 - 83 114.7
6.0_3W - 12 9 44 5 30 - 65 130.7
6.0_6W - 7 6 38 11 38 - 51 171.0
6.0_9W - 7 5 31 15 42 - 43 197.1
6.0_10.5W - - - - - - - - -

Table C.4: Pressure drops in cooling structure (input liquid pressure
11 bargys / table items given in percentage of total pressure drop in vapour
return line. %).
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Pressure drops in the system (mBar)
BPR Pipe work | Heater HEX Manifold Stave D};fef::;z:;e o:ﬁ(;t::elzror Total DP
12Bar P_BBPR - P_AH - PBH- | P_VAM P_A3- P AL-P A3 P dome and P VAM - P_A1-
P_BFM P_BBPR P_AH P_BH P_VAM P BBPR P_BBPR P_BBPR

Open_0W 9.5 152.3 29.8 333.0 38.5 84.3 -153.0 515.1 637.9
Open_3W 9.4 151.0 31.7 418.5 87.1 145.1 -152.2 601.2 833.4
Open_6W 9.4 144.4 31.7 488.0 139.4 214.9 -152.4 664.0 1018.4
Open_9W 8.9 141.8 30.1 536.3 190.3 287.2 -148.8 708.1 1185.6
Open_10.5W 9.0 139.6 29.6 549.2 220.3 358.1 -149.9 718.3 1296.7
1.6_0W 781.7 95.1 16.3 200.1 224 55.4 -521.5 311.5 389.3
1.6_3W 757.4 94.5 18.7 276.7 60.0 113.9 -495.1 389.9 563.9
1.6_6W 758.8 94.6 16.9 335.9 102.7 177.8 -493.6 447 .4 728.0
1.6_10.5W 744.3 924 17.5 379.1 163.0 282.7 -483.9 489.0 934.7
2.0_0W 896.3 89.2 16.1 184.3 23.6 54.0 -246.3 289.6 367.3
2.0_3wW 888.4 86.9 18.7 257.5 57.9 110.2 -234.5 363.1 531.1
2.0_6W 880.1 86.4 18.7 318.3 99.8 172.3 -221.4 423.4 695.5
2.0_9W 872.4 85.9 14.9 3434 139.6 236.4 -213.2 444.3 820.2
2.0_10.5W 866.6 86.9 15.5 358.4 156.8 271.3 -205.1 460.8 888.9
2.5_0W 11154 79.4 13.5 162.8 16.1 49.9 35.7 255.7 321.7
2.5_3W 1120.1 76.9 16.5 228.5 53.8 98.7 44.9 321.8 474.3
2.5_6W 1108.8 77.5 16.9 286.2 92.1 158.7 56.9 380.5 631.3
2.5 9w 1108.2 75.8 14.8 314.5 126.7 222.1 60.0 405.0 753.8
2.5_10.5W 1101.5 75.5 13.5 3245 145.2 2543 66.5 413.4 812.8
3.0_0w 1440.7 75.8 12.8 125.8 11.8 50.0 211.1 214.4 276.1
3.0_3W 1448.7 74.0 12.8 187.8 46.6 90.6 207.5 274.6 411.8
3.0_6W 1451.0 72.8 14.3 238.3 81.1 146.3 208.8 325.4 552.8
3.0.9wW 1445.0 70.6 15.9 262.1 114.8 202.3 211.7 348.6 665.6
3.0_10.5W 1448.6 71.0 15.2 266.9 129.1 229.2 212.5 353.1 711.4
4.0_0W 2436.0 52.0 10.6 75.7 3.2 321 213.8 138.2 173.6
4.0_3wW 2444.0 51.4 15.8 108.2 28.1 65.8 218.0 175.3 269.2
4.0_6W 2439.3 50.6 13.8 152.3 55.5 110.7 222.8 216.7 382.9
4.0_9W 2433.6 49.6 14.1 175.2 80.2 154.3 229.5 2389 473.4
4.0_10.5W 2440.6 49.5 12.6 170.0 89.7 176.5 223.8 232.1 498.3
5.0_0W 3577.2 37.6 13.1 57.8 -1.9 26.2 90.8 108.5 132.8
5.0_3wW 3579.6 36.5 14.4 66.0 18.7 46.4 93.9 116.8 182.0
5.0_6W 3575.8 36.5 13.1 95.7 36.1 83.3 98.0 145.3 264.6
5.0_9W 3580.2 35.9 13.3 109.5 53.6 123.2 95.6 158.7 335.5
5.0_10.5W 3568.0 36.0 11.4 105.2 60.6 139.3 108.7 152.5 352.4
6.0_0W 4625.0 26.2 18.7 61.1 -7.9 25.7 49.3 105.9 123.6
6.0_3W 4616.9 24.9 16.3 47.1 10.6 44.7 44.9 88.3 143.6
6.0_6W 4611.0 24.6 19.0 61.0 235 69.1 54.9 104.7 197.2
6.0_9W 4603.5 33.0 16.9 62.7 40.4 91.7 59.4 112.6 244.7
6.0_10.5W 4640.5 13.4 18.4 63.8 26.7 112.7 36.6 95.6 235.0

Table C.5: Pressure drops in
12 bargs / table items given in mbars).

cooling structure (input liquid pressure

173




APPENDIX C. PRESSURE DROPS AND FLOW VALUES

Pressure drops in the system (% from Total DP)
BPR Pipe Heater HEX Manifold Stave Difference Total DP Total DP
12Bar P BBPR- work P BH - P VAM - P A3- P AL- between off-detector P_A1-
P BFM P_AH - P AN P BH P VAM P A3 P_dome and P_VAM - P_BBPR
- P_BBPR - - - - P_BBPR P_BBPR (mBar)
Open_OW - 24 5 52 6 13 - 81 637.9
Open_3W - 18 4 50 10 17 - 72 8334
Open_6W - 14 3 48 14 21 - 65 1018.4
Open_9W - 12 3 45 16 24 - 60 1185.6
Open_10.5W - 11 2 42 17 28 - 55 1296.7
1.6_0W - 24 4 51 6 14 - 80 389.3
1.6_3W - 17 3 49 11 20 - 69 563.9
1.6_6W - 13 2 46 14 24 - 61 728.0
1.6_10.5W - 10 2 41 17 30 - 52 934.7
2.0_0W - 24 4 50 6 15 - 79 367.3
2.0_3wW - 16 4 48 11 21 - 68 531.1
2.0_6W - 12 3 46 14 25 - 61 695.5
2.0_9W - 10 2 42 17 29 - 54 820.2
2.0_10.5W - 10 2 40 18 31 - 52 888.9
2.5_0W - 25 4 51 5 16 - 79 321.7
2.5 3w - 16 3 48 11 21 - 68 474.3
2.5_6W - 12 3 45 15 25 - 60 631.3
2.5_9wW - 10 2 42 17 29 - 54 753.8
2.5_10.5W - 9 2 40 18 31 - 51 812.8
3.0_0W - 27 5 46 4 18 - 78 276.1
3.0_3w - 18 3 46 11 22 - 67 411.8
3.0_6W - 13 3 43 15 26 - 59 552.8
3.0_9W - 11 2 39 17 30 - 52 665.6
3.0_10.5wW - 10 2 38 18 32 - 50 711.4
4.0_0W - 30 6 44 2 19 - 80 173.6
4.0_3W - 19 6 40 10 24 - 65 269.2
4.0_6W - 13 4 40 14 29 - 57 382.9
4.0_9W - 10 3 37 17 33 - 50 473.4
4.0_10.5W - 10 3 34 18 35 - 47 498.3
5.0_0wW 28 10 44 -1 20 - 82 132.8
5.0_3wW - 20 8 36 10 26 - 64 182.0
5.0_6W - 14 5 36 14 31 - 55 264.6
5.0_9w - 11 4 33 16 37 - 47 3355
5.0_10.5W - 10 3 30 17 40 - 43 352.4
6.0_0W - 21 15 49 -6 21 - 86 123.6
6.0_3W - 17 11 33 7 31 - 61 143.6
6.0_6W - 12 10 31 12 35 - 53 197.2
6.0_9W - 13 7 26 16 37 - 46 244.7
6.0_10.5W - 6 8 27 11 48 - 41 235.0

Table C.6: Pressure drops in cooling structure (input liquid pressure
12 bargps / table items given in percentage of total pressure drop in vapour
return line. %).
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Pressure drops in the system (mBar)
BPR |Pipe work | Heater | HEX Manifold Stave D;‘;ftevrv‘::;e Total DP Total DP
13Bar P_BBPR - P_AH - P_BH- | P_VAM - P_A3 - P AL-P A3 P dome and off-detector P_A1-
P_BFM P_BBPR P_AH P_BH P_VAM - - _P BBPR P_VAM - P_BBPR P_BBPR

Open_0W 10.9 179.7 16.8 347.9 379 85.8 -177.4 544.4 668.0
Open_3W 10.4 176.5 20.9 429.8 88.3 145.6 -171.9 627.2 861.1
Open_6W 9.7 169.6 231 512.3 143.7 213.0 -166.9 705.1 1061.8
Open_9W 9.6 162.8 255 548.8 195.5 287.5 -167.6 737.2 1220.2
Open_10.5W 9.8 162.6 25.2 592.7 221.6 334.7 -162.5 780.5 1336.8
1.6_0W 845.1 120.1 0.0 201.3 220 59.9 -596.7 3214 403.4
1.6_3W 832.4 113.8 8.7 280.4 59.5 114.1 -584.2 402.9 576.5
1.6_6W 821.2 108.8 15.1 344.5 104.5 178.1 -574.1 468.4 751.0
1.6_9W 812.0 114.4 6.5 383.8 147.5 2423 -560.9 504.7 894.4
1.6_10.5W 807.9 119.0 0.7 386.4 167.0 274.3 -557.0 506.1 947.4
2.0_0W 965.9 118.2 -3.7 184.0 18.7 57.6 -316.8 298.5 374.8
2.0_3W 957.5 115.7 -0.7 260.6 60.4 107.1 -306.4 375.6 543.1
2.0_6W 946.0 110.0 4.7 325.7 102.6 167.8 -294.6 440.4 710.8
2.0 9W 939.4 103.4 8.5 366.7 140.9 235.1 -286.4 478.6 854.6
2.0_10.5W 932.4 106.2 5.9 363.7 162.4 266.3 -281.9 475.8 904.5
2.5_0W 1179.7 102.1 -0.1 164.3 17.8 56.5 -25.7 266.3 340.6
2.5_3W 1170.2 97.6 9.2 234.2 56.6 100.9 -15.4 341.0 498.5
2.5_6W 1152.4 99.5 6.0 295.9 95.7 160.9 -4.8 401.4 658.0
2.5 9W 11435 107.4 -4.3 335.6 136.0 221.1 8.2 438.7 795.8
2.5_10.5W 1141.3 105.2 -34 335.8 148.3 254.1 10.7 437.6 840.0
3.0_0W 1491.0 99.6 -7.7 134.0 15.7 47.0 178.3 225.9 288.6
3.0_3wW 1485.2 94.6 -1.0 198.8 47.5 91.4 182.9 292.4 431.2
3.0_6W 1482.9 88.2 5.1 256.6 84.4 147.3 186.7 350.0 581.7
3.0_9W 1476.4 86.6 3.7 295.3 119.9 206.6 193.2 385.6 712.2
3.0_10.5W 1476.0 89.9 -0.1 295.3 135.7 2333 193.7 385.1 754.1
4.0_0OW 2463.3 70.9 -5.0 86.0 53 36.2 196.8 1519 1934
4.0_3W 2461.2 66.3 -1.2 126.9 33.9 68.3 202.1 192.1 294.3
4.0_6W 2456.2 70.0 -3.5 170.1 60.9 114.2 208.6 236.6 411.6
4.0_9W 2446.8 75.2 -9.8 201.2 87.3 160.6 218.7 266.7 514.6
4.0_10.5W 2444.0 75.3 -12.4 207.5 97.6 182.8 2231 270.5 551.0
5.0_0wW 3583.0 52.3 -4.6 69.7 -3.4 30.7 81.1 117.4 144.7
5.0_3wW 3576.4 54.0 -5.8 80.3 19.1 54.4 85.0 128.5 201.9
5.0_6W 3593.8 67.8 -14.6 105.2 38.0 87.0 78.4 158.3 283.4
5.0_9wW 3597.5 62.7 -11.4 128.7 57.4 124.9 76.4 180.0 362.3
5.0_10.5W 3600.7 60.0 -9.7 132.3 66.4 140.6 75.0 182.6 389.6
6.0_0W 4617.7 54.6 -9.5 67.4 -7.5 25.9 60.7 112.4 130.8
6.0_3W 4607.6 58.7 -16.9 62.2 5.6 51.9 63.6 104.1 161.5
6.0_6W 4602.9 60.1 -17.0 73.5 27.5 74.2 74.9 116.6 218.3
6.0_9W 4600.6 55.5 -13.2 89.5 41.7 104.4 77.2 131.9 278.0
6.0_10.5W 4608.6 53.7 -11.8 86.6 47.5 114.8 64.9 128.6 290.9

Table C.7:

Pressure drops in cooling structure (input liquid pressure
13 bargps / table items given in mbars).
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Pressure drops in the system (% from Total DP)
BPR Pipe work | Heater HEX Manifold | Stave D;gfvl;z:rfe o :ﬁ?itea:el()::)or Tgt:lll?P
13Bar P_BBPR - P_AH - P_BH - P_VAM - P_A3 - P_A1- P dome and P VAM - P IBBPR

P_BFM P_BBPR P_AH P_BH P_VAM P_A3 P BEPR P BEPR (mBar)
Open_0W - 27 3 52 6 13 - 81 668.0
Open_3W - 20 2 50 10 17 - 73 861.1
Open_6W - 16 2 48 14 20 - 66 1061.8
Open_SW - 13 2 45 16 24 - 60 1220.2
Open_10.5W - 12 2 44 17 25 - 58 1336.8
1.6_0W - 30 0 50 5 15 - 80 403.4
1.6_3W - 20 2 49 10 20 - 70 576.5
1.6_6W - 14 2 46 14 24 - 62 751.0
1.6_9W - 13 1 43 16 27 - 56 894.4
1.6_10.5W - 13 0 41 18 29 - 53 947.4
2.0_0W - 32 -1 49 5 15 - 80 374.8
2.0_3W - 21 0 48 11 20 - 69 543.1
2.0_6W - 15 1 46 14 24 - 62 710.8
2.0_9W - 12 1 43 16 28 - 56 854.6
2.0_10.5W - 12 1 40 18 29 - 53 904.5
2.5_0W - 30 0 48 5 17 - 78 340.6
2.5_3W - 20 2 47 11 20 - 68 498.5
2.5_6W - 15 1 45 15 24 - 61 658.0
2.5_9W - 13 -1 42 17 28 - 55 795.8
2.5_10.5W - 13 0 40 18 30 - 52 840.0
3.0_0W - 35 -3 46 5 16 - 78 288.6
3.0_3W - 22 0 46 11 21 - 68 431.2
3.0_6W - 15 1 44 15 25 - 60 581.7
3.0_9W - 12 1 41 17 29 - 54 712.2
3.0_10.5W - 12 0 39 18 31 - 51 754.1
4.0_0OW - 37 -3 44 3 19 - 79 1934
4.0_3W - 23 0 43 12 23 - 65 294.3
4.0_6W - 17 -1 41 15 28 - 57 411.6
4.0_9W - 15 -2 39 17 31 - 52 514.6
4.0_10.5W - 14 -2 38 18 33 - 49 551.0
5.0_0W 36 -3 48 -2 21 - 81 144.7
5.0_3wW - 27 -3 40 9 27 - 64 201.9
5.0_6W - 24 -5 37 13 31 - 56 283.4
5.0_9W - 17 -3 36 16 34 - 50 362.3
5.0_10.5W - 15 -3 34 17 36 - 47 389.6
6.0_0W - 42 -7 52 -6 20 - 86 130.8
6.0_3W - 36 -10 39 3 32 - 64 161.5
6.0_6W - 28 -8 34 13 34 - 53 218.3
6.0_9W - 20 -5 32 15 38 - 47 278.0
6.0_10.5W - 18 -4 30 16 39 - 44 290.9

Table C.8: Pressure drops in cooling structure (input liquid pressure
13 bargps / table items given in percentage of total pressure drop in vapour
return line. %).
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Input Power per Heater T_C2,HEX | T_C1, HEX Volume
Power per L . ) Mass Flow
pressure module [W] circuit power input temp | exittemp Flow [9/s]
[bar,] (W] [%] [°C] [°C] [ln/min] 9
10 0 0 52 16.64 -20.82 51.8 10.9
10 3 144 40 16.56 -19.57 51.2 10.7
10 6 288 26 16.92 -18.49 50.7 10.6
10 9 432 17 16.82 -12.38 49.3 10.3
10 10.5 504 11 16.65 -5.77 49.5 10.4
11 0 0 56 16.67 -19.74 55.4 11.6
11 3 144 43 16.68 -18.65 54.6 11.5
11 6 288 30 16.69 -17.83 53.9 11.3
11 9 432 18 16.70 -15.95 53.3 11.2
11 10.5 504 12 16.97 -7.59 52.8 111
12 0 0 65 16.64 -19.18 58.4 12.2
12 3 144 55 16.64 -17.95 58.1 12.2
12 6 288 35 16.64 -17.17 57.6 12.1
12 9 432 24 16.69 -15.65 56.6 11.9
12 10.5 504 18 16.65 -13.12 56.2 11.8
13 0 0 66 17.15 -18.62 61.6 12.9
13 3 144 55 16.8 -17.6 60.9 12.8
13 6 288 41 16.91 -16.61 60.3 12.7
13 9 432 27 16.98 -15.46 59.8 12.5
13 10.5 504 22 16.81 -14.29 59.3 12.5

Table C.9: Measurement results for Flow in system.
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First and Second Cycle of measurements.

Measurements for each percentage concentration were repeated in two cy-
cles. Results are presented on Figure 5.22. Results are presented with respect
of correction coefficient calculated based on pressure and temperature difference
caused by mechanical modifications done between these two cycles. At the end
of the first cycle of measurements (before the 20% measurements) vapour return
pipe structure (after the Heat Exchanger and before the Heater) and inlet liquid
line were split into three different lines giving opportunity for other tests to be
performed on the Test Station. New test structures were connected to the exist-
ing one for future tests with fluorocarbon blend mixtures for Pixel detector loops
and for Heat Transfer Coefficient measurements. Installation of a new panel (pre-
sented in Figure C.1) caused an unexpected additional pressure drop over that

region, causing a slight rise in temperature over the stave.

Figure C.1: Panel with manual valves. Splitted inlet and outlet pipe
lines.

Pressure and temperature difference and correction coefficient is presented in
Table C.10. Pressure was measured at the middle of the stave (by PS P_A2)
for both cycles, for each percentage concentration and for different power load
on modules. The temperature difference AT (correction coefficient) between
the first and the second cycles, for each percentage concentration and for each
power load, was calculated using predictions from NIST REFPROP [1] based

on these measured pressure values. Correction coefficients were added to the
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first cycle measurement values and resulted in the corrected results from the
first measurement cycle matching very well the second cycle measurement results

(See Figure 5.22).

% W P A2 P_A2_II DP DT
0 0 1876.7 2036.9 160.2 2.113
6 2276.4 2435.2 158.8 1.799
10.5 2524.8 2671.6 146.8 1.543
% W P_A2_I P_A2_II DP DT
1 0 1908.9 2027.0 118.1 1.552
6 2283.8 2444.0 160.2 1.83
10.5 2532.8 2671.8 139.0 1.488
% W P A2 P_A2_II DP DT
3 0 1921.7 2041.8 120.1 1.589
6 2296.3 2454.7 158.4 1.821
10.5 2543.3 2689.2 145.9 1.563
% W P A2_I P_A2_II DP DT
5 0 1934.0 2051.6 117.6 1.556
6 2313.8 2464.8 151.0 1.735
10.5 2562.2 2699.1 136.9 1.472
% W P_A2_I P_A2_II DP DT
10 0 1991.7 2078.7 87.0 1.149
6 2349.1 2482.8 133.7 1.54
10.5 2596.2 2714.8 118.6 1.27
% w P A2_I P_A2_II DP DT
20 0 2178.5 2178.5 0 0
6 2550.9 2550.9 0 0
10.5 2799.2 2799.2 0 0
% W P_A2_I P_A2_II DP DT
25 0 2211.1 0
6 2570.6 0
10.5 2830.9 0

Table C.10: Calculation of Correction Coefficients for First and Second
cycle of measurements.
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Error Estimation

Temperature Measurements.
Systematic and Statistical error was calculated for measured temperature val-

ues. Standard Deviation was calculated using formula presented below:

and Relative Standard Deviation was calculated using formula presented be-

low:

oy = x 100

SRS

Where:

o - Standard deviation.
x; - Measured value.

T - Measured mean value.

N - Number of measurements.

Systematic error values and source of this error is presented in Table D.1 and

Table D.2.
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Systematic Error [0,]

NTC Sensor [oy] +1.05% | £1% Systematic error at 10k
resistance value at 25°C

Readout system (ADC) [og] +0.1% Systematic error of Referance re-
sistor in ADC

Total [0.,.%] +1.054% | 02,0, = 0% + 0%
Total [0y] +0.213°C | 045 = T X 05y5%/100

Table D.1: Temperature measurement systematic error (NTC sensor and
readout system).

Systematic Error [0,,]

[Osys] +0.283°C | Standard Deviation (attachment
to the cooling pipe)

[0sys%] +1.36% | Relative Standard Deviation

Table D.2: Temperature measurement systematic error caused by possible
variation in NTC attachment to the cooling pipe.

For the calculation of the temperature fluctuation inside the Plexiglass box
(statistical error), temperature was measured over the SCT Barrel stave by
48 NTC sensors (T_A1 - T_A25 and T_B1 - T_B25) over the 24 hours with no
cooling in system. Measured temperature as a function of time is presented in
Figure D.1. Fluctuation of measured temperature for each sensor is caused by
temperature change of +£2°C in SR1 laboratory clean room (caused by air con-
ditioning). As it can bee seen, this temperature change is propagated into not
more than £0.1°C change in temperature inside the Plexiglass box, due to the
box being very well thermally isolated. Since the data for each test point (differ-
ent pressure in system or power per module) was recorded over the 5 min time
period, temperature fluctuation described above is negligible (See Figure D.2).
Standard Deviation for each sensor, calculated for 24 hour and 10 min recorded

data is presented in Table D.3.
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Figure D.1: Temperature measured over the SCT Barrel stave by 48 NTC
sensors, over the 24 hours. Cooling is OFF.
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Figure D.2: Temperature measured over the SCT Barrel stave by 48 NTC
sensors, over the 10 minutes. Cooling is OFF.
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Sensor: | o (24 hours)| o (10 min.)
T Al 0.066 0.019
T_A2 0.061 0.014
T_A3 0.055 0.015
T_A4 0.053 0.017
T_A5 0.049 0.016
T_A6 0.047 0.015
T_A7 0.045 0.015
T_A8 0.046 0.014
T_A9 0.044 0.015
T_A10 0.046 0.015
T_All 0.045 0.015
T_A12 0.042 0.015
T_A13 0.043 0.014
T_Al4 0.046 0.015
T_A15 0.044 0.014
T_Al6 0.047 0.015
T_A17 0.045 0.015
T_A18 0.048 0.015
T_A19 0.046 0.015
T_A20 0.048 0.015
T_A21 0.049 0.016
T_A22 0.053 0.016
T_A23 0.054 0.015
T_A24 0.064 0.015
T_A25 0.081 0.017
T_B1 0.061 0.019
T_B2 0.062 0.016
T_B3 0.055 0.016
T_B4 0.051 0.015
T_B5 0.047 0.015
T.B6 0.046 0.015
T_B7 0.045 0.015
T_B8 0.045 0.015
T_B9 0.044 0.015
T_B10 0.045 0.015
T_B11 0.041 0.015
T_B12 0.044 0.014
T_B13 0.045 0.014
T_B14 0.046 0.015
T_B15 0.044 0.014
T B16 0.047 0.015
T_B17 0.044 0.015
T_B18 0.048 0.015
T_B19 0.046 0.015
T_B20 0.049 0.016
T_B21 0.048 0.016
T_B22 0.052 0.015
T_B23 0.053 0.016
T_B24 0.067 0.017
T_B25 0.081 0.016

Table D.3: Standard Deviation [o] for each temperature sensors. (24 hour
and 10 min recorded data)
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For the calculation of the temperature measurement error caused by the pos-
sible small variation in NTC sensor attachment (sensors could be not uniformly
attached to the cooling pipe), standard deviation in measured temperature val-
ues is calculated based on the data recorded for 13 bar,, inlet pressure, 1.2 bar,s
back pressure and 0 W power per module for 0% C,Fg. Distribution of tempera-
ture values measured over the stave and Standard Deviation (RMS) is presented

in Figure D.3.
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Figure D.3: Distribution of temperature values measured over the stave
and Standard Deviation (RMS) .

The total error in temperature measurement is calculated using the equation:

OT tot = ngsl + agySQ = 1/0.213%2 4 0.2832 = 0.35°C
OLtoth = 01+ 00 = V068 + L3G? = L.72%

Error in the temperature measurement is presented as an error bars in figures

in Chapter 4 and Chapter 5.
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Pressure Measurements.

For pressure measurement in points of interest over the Test System there
are KELLER Type PAA-33X [45] pressure transducers mounted into the system.
Parameters for KELLER PT are listed in Table D.4.

Description PAA-33X / 30bar / 80794
Pressure 0...30 [bargs)

Output signal 4...20 [mA, RS485]

Pressure port G1/4”

Electrical connection | Binder 723/5-p

Supply 8...28 [V]

Table D.4: Parameters for KELLER PT.

Accuracy for KELLER Pressure transmitters equals to 0.15% FS and Preci-
sion equals to 0.01 %FS (giving measurement uncertainty of £19.5 mbar in case
of Inlet pressure measurements and +1.8 mbar in case of Outlet pressure mea-
surements).

For the calculation of the pressure measurement error caused by the pressure
instability in the system, standard deviation in measured pressure values is cal-
culated based on the data recorded by the pressure sensor at the exit of the stave
(P_A3 sensor) in case of 13 bar,, inlet pressure, 1.2 bar,,s back pressure and 0 W
power per module for 0% CyFg. Distribution of the measured pressure values and
Standard Deviation (RMS) is presented in Figure D.4.

The total error in pressure measurement is calculated using the equation:

O Potot.Out = ,/Ugysl + afysz =9.7% + 1.82 = 9.86 mbar.

9.7
R % X 100 = Sz x 100 = 0.49%
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Figure D.4: Distribution of the pressure values measured at the exit of
the stave (P_A3 sensor) and Standard Deviation (RMS) .

For pressure measurements in Sonar Analyzer, Huba® [55] pressure trans-

mitter is used. Parameters for Huba PT are listed in Table D.5.

Description Type 680
Pressure 0...6 [bargs)
Output signal 0...10 [V (DC)]
Pressure port G1/4”
Electrical connection | Binder 723/5-p
Supply 15...30 [V (DC)]

Table D.5: Parameters for Huba PT.

Total Error band (including characteristic line deviation, temperature error
zero point and operating range, hysteresis and repeatability at max. signal range.)
for Huba Pressure transmitters equals to 1.5% FS giving measurement uncer-
tainty of £15mbar at the measured pressure of 1bar. Standard Deviation (Sta-
tistical Error) for measured pressure values o <4.2mbar (Data for 24 hours) and
o <2.05mbar (Data for 10 min).

Error in the pressure measurement is presented as an error bars in figures in

Chapter 4 and Chapter 5.
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Sound Velocity and Mixture Concentration Measurements.
Uncertainty / Standard deviation in sound velocity measurements made by

Sonar Analyzer (Section 5.2) is calculated using formula presented below:

OVs(tot) = \/(U\Q/s(temp.) + 0\2/s(press.) + OYZ/S(dist.) + O%/s(time))

Where:

Ovstor) - Total Uncertainty in sound velocity measurement.

OVs(temp.) - Lemp. dependent uncertainty in sound velocity measurement.
OVs(press.) - Pressure dependent uncertainty in sound velocity measurement.
Ovs(dist.) - Distance dependent uncertainty in sound velocity measurement.

Ovs(time) - Liming dependent uncertainty in sound velocity measurement.

Step by step calculation, as an example for 80%C3Fs/20%CyF¢ mixture, is

presented below:

[1.]Temp. dependent uncertainty in sound velocity measurement:
NTC statistical error = +0.2°C

Sound velocity ¢ = \/(y x R x T)/M

v =1.021

R = 8.3145 Jmol 'K~}

Molar mass C3F8 = 188.02 [gmol ]

Molar mass C2F6 = 138.01 [gmol ']

Velocity (20°C) ¢ = 118.237 [ms™!]

[c = /(1.021 x 8.3145 x (273.15 + 20))/(0.2 x 0.138 + 0.8 x 0.188)]
Velocity (2040.2°C) ¢ = 118.277 [ms™!]

[c = /(1.021 x 8.3145 x (273.15 4+ 20 + 0.2)) /(0.2 x 0.138 4+ 0.8 x 0.188)]
OVs(temp) = 0.040326346 [ms ']

OV s%(temp) = 0.034 %

[2.]Pressure dependent uncertainty in sound velocity measurement:
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Pressure transducer precision +15 mbar

Sound velocity NIST prediction 1bar, 20°C 80%C3Fs/20%CyFg ¢ = 118.68 [ms™!]
Sound velocity NIST prediction 1.015 bar, 20°C 80%C3Fs/20%CyFg ¢ = 118.65 [ms™!|
OVspress) = 0.03 [ms™']

OV s%(press.) — 0.025 %

[3.]Distance dependent uncertainty in sound velocity measurement:
Distance (between sound transducers) uncertainty L = £0.0001 m
Sound velocity ¢ = L/t

Typical sound velocity 20°C 80%C3Fs/20%CoFg ¢ = 118.237 [ms™|
Typical transit time (0.666 m) t = 0.005632762 ]

Transit time (0.6664+0.0001 m) t = 0.005633608 [s]

Transit time difference At = 0.00000084576 |

Sound velocity with modified distance ¢ = 118.2545974 [ms™|
Ovsdist) = 0.01775328 [ms™]

ovsodist) = 0.015 %

[4.]Timing dependent uncertainty in sound velocity measurement:
Clock frequency of 40 MHz ==> 25us

(Likely uncertainty in finding zero time of first pulse 1us)

Sound velocity ¢ = L/t

Typical sound velocity 20°C 80%C3Fg/20%CyFg ¢ = 118.237 [ms™!]
Canonical distance L = 0.666 [m]

Typical transit time (0.666 m) t = 0.005632762 |s]

Typical time +1us uncertainty t = 0.005633762 [s]

Sound velocity with modified time ¢ = 118.2158569 [s]

OV stime) = 0.020987192 [ms~!]

Ovs%(time) = 0.01775328 %
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Total Uncertainty in sound velocity measurement:

OV s(tot) = \/ O stemp) T O s(oress) T O s(aist) T O¥ s(time)

v son) = +/(0.040326346)2 + (0.03)% + (0.01775328)2 + (0.020087102)?
Ovs(tot) = 0.05728748 [ms]

Ovssitor) = 0.04845139 %

Uncertainty in mixture concentration:

T Miz% = OVs(tot)/ M

Local slope of the sound velocity/concentration curve m = 0.1769 [ms~'% 1]
o iz = 0.05728748/0.1769

oniiy, = 0.323841041 [%]*

*note that uncertainty in mixture concentration (Measurement Error) is pre-
sented in percentage of mixture concentration, not the relative % value. (For
example in case of 20%CyF¢ blend into mixture, real concentration will be be-

tween 19.68% and 20.32% )

Measurement Error, for the binary gas mixture, of +0.3% is presented as an

error bars in Figure 5.10 and Figure 5.21.
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Flow Measurements.

Standard accuracy (based on actual calibration) of Bronkhorst® flow meter
(model F-113AC-AAD-99-V) is £0.8% RD + 4+0.2% FS.

Standard Deviation [o]| of measured flow values were calculated and presented
in Table D.6. Biggest standard deviation o = 0.235lmin"! or o = 0.049 gs™*.
Error bars are presented on the plots (Figure 4.22; Figure 4.23) but they are too

small to be visible.

P, /W Standard Standard
Deviation Deviation
o[lmin~!] olgs™]

10bar, / OW 0.226 0.047

10bar, / 3W 0.153 0.032

10bar, / 6 W 0.090 0.019

10bar, / 9W 0.235 0.049

10bar, / 10.5 W 0.063 0.013

11bar, / OW 0.232 0.049

11bar, / 3W 0.153 0.032

11bar, / 6 W 0.117 0.025

11bar, / 9W 0.108 0.023

11bar, / 10.5 W 0.156 0.033

12bar, / OW 0.191 0.040

12bar, / 3W 0.106 0.022

12bar, / 6 W 0.126 0.026

12bar, / 9W 0.145 0.030

12bar, / 10.5 W 0.092 0.019

13bar, / OW 0.180 0.038

13bar, / 3W 0.144 0.030

13bar, / 6 W 0.091 0.019

13bar, / 9W 0.093 0.020

13bar, / 10.5W 0.081 0.017

Table D.6: Standard Deviation of measured flow values.

Volume flow [lmin~'] is recalculation into Mass flow [gs™!] using formula :

X R P
M= 2 T 1000
60 1000 P~

Where: M - Mass flow [gs™!], X - Volume flow [Im™!], R - Density of Vapour
for 20°C(73.44)[kgm 2], P - Pressure in pipe [bary,|, Ps - Saturation Pressure
(7.58) [barps)-
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