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Abstract

The Large Hadron Collider is scheduled for upgrade during the middle of this decade, and with
it will be upgraded most of the Silicon detectors used in the four experiments of the collider.
The upgraded detectors will require amore advanced cooling system that will need to be larger
and operate colder than ever before.

This thesis describes activities related to the modelling and simulation of the two-phased
pumped-loop cooling systems that will cool these Silicon detectors. The development of the
tool is described, with details on modelling fluid properties, two-phase flow and some numer-
ical techniques used to facilitate the solver’s operation. The experimental setup that was refur-
bished and upgraded is also described. The setup was used to collect transient data to validate
the performance of the tool.

The application of the tool is discussed next. The tool was initially validated by simulating a
residential heat pump unit. Simulation results were compared against experimental data as
well as against another established simulation tool. Residential heat pumps are well-under-
stood two-phase systems which exhibit transients of similar complexity to pumped loop sys-
tems. The comparison is, thus, informative.

The tool was then used to validate the performance of a laboratory prototype of a pumped
loop cooling system representative of the full-scale Silicon detector cooling systems. Startup
and step change transients were compared and the tool captured the experimental trends
well.

The tool is now being used to design a prototype cooling system that will serve as a proof-of-
concept for the future detector cooling systems to be deployed on the LHC. The tool is used to
study plant behaviour in different dynamic scenarios such as startup, temperature set-point
change and detector load change. The full control system to be used for the plant was imple-
mented in the tool and control strategies were iterated. The simulation results are in line with
expected behaviour, indicating a readiness of the tool to be used for tasks such as controller
parameter tuning, virtual commissioning and operator training.
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Introduction

1. Introduction

The subject matter of this thesis is the development and use of a numerical simulation tool for
studying the dynamics and controls of two-phase pumped loop cooling systems used in the
field of High Energy Physics for the thermal regulation of Silicon detectors.

The thesis is organised as follows. This chapter provides the necessary background about the
Large Hadron Collider at CERN, its detectors, and where the pumped-loop cooling systems fit
within that framework. It gives some details about Silicon Trackers, about the cooling chal-
lenges and then describes the 2PACL system briefly. Chapter 2 gives a literature review on top-
ics relevant to this thesis. Chapter 3 describes the experimental setup used to get measured
data for validating simulation results. Chapter 4 describes the development of the fluid prop-
erty routines and the mathematical models of the components.

Chapters 5, 6 and 7 present the three journal papers that have been part of the dissemination
of this work. Chapter 5 highlights a residential heat pump that was simulated and validated.
Chapter 6 represents validations against a representative prototype of a detector cooling sys-
tem. Chapter 7 is the draft of a journal article discussing the use of the tool to design a new
detector cooling system. Chapter 8 concludes with some final remarks and future perspectives.

Background

The European Organization for Nuclear Research (CERN) was founded in 1954 to investigate
the physics of fundamental particles. It is one of the biggest collaborations in science and is
home to the Large Hadron Collider (LHC), the largest particle accelerator in the world.

Particle accelerators seek to understand the nature of subatomic physics by colliding a beam
of particles (protons, electrons or Lead ions) at high energies either against another beam, or
against a stationary target. The high energies of the collisions recreate conditions that existed
moments after the Big Bang.

Large Hadron Collider

The LHC is a ring-type particle accelerator, 27 km in circumference. It is located along the
Franco-Swiss border in Geneva, roughly 100 meters underground. An aerial view of the LHC is
shown in Figure 1.1 and a schematic is shown in Figure 1.2. The ‘p’ and ‘Pb’ denote protons and
Lead ions respectively and refer to the particles which get circulated. For Protons, Hydrogen
gas from a bottle is stripped of its electrons and fed into the Proton Synchrotron (PS). Here,
magnets continuously bend the beam around a ring, causing it to accelerate. The Super Proton
Synchrotron (SPS) is a larger ring that accelerates the beams even more and then releases
them into the LHC, in alternating clockwise and anticlockwise batches.

Finally, the LHC accelerates the proton beams further still (to within 99.999999% of the speed
of light) and then collides them at high energies against each other. The beams collisions are
made to occur inside the four major experiments (called Detectors) located along the LHC:

10
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2 Alarge lon Collision Experiment (ALICE)
2 AToroidal LHC Apparatu$S (ATLAS)

2 Compact Muon Solenoid (CMS)

2 Large Hadron Collider beauty (LHCb)

LHC- 27 %nt

Figure 1.1. Aerial view of the LHC

11



Introduction

CMS

Figure 1.2, Large Hadron Collider Schematic

The detectors are responsible for identifying the fundamental particles that are generated in
these collisions. They are constructed onion-like with concentric layers of sub-detectors, each
playing a different role. To illustrate with an example, CMS is discussed here. It is a detector 15
metersindiameter, and nearly 30 metersin length. It has a large, superconducting magnet that
deflects the charged particles produced in collisions. A particle with higher momentum will be
deflected less than a lower momentum particle, and by measuring the momentum, trajectory
and energy of a particle, it can be uniquely identified. CMS has four major sub-detectors (ar-
ranged radially from innermost to outermost) as follows:

2 Tracker Detector
2 Electromagnetic Calorimeter (ECAL)
2 Hadronic Calorimeter (HCAL)

2 Muon Chamber

A cutaway schematic view of CMS is shown in Figure 1.3.

12
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CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter :15.0m Pixel (100x150 um) ~16m* ~66M channels
Overalllength ~ :28.7m Microstrips (80x180 ym) ~200m? ~9.6M channels
Magnetic field  :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m* ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PBWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

Figure 1.3. CMS Cutaway View

The Tracker detects the paths and momentums of the emitted charged particles. It is made up
of concentric layers of Silicon sensors arranged outwards from the beam pipe, as shown in Fig-
ure 1.4. These Silicon sensors can detect where a particle passes through them and when. Thus,
by measuring a particle trajectory across several layers, we can identify its path and momen-
tum.

Forward Pixel
(EPIX)

Tracker Inmeg\
\?arrel (TIB) N

. Tracker Outer)\
‘\\5\\1\Barrel (TOB) *

Figure 1.4. CMS Tracker Detector
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Silicon Detector Cooling

Silicon tracking sensors generate a significant amount of heat in a relatively small area and
require an active cooling system for their thermal management. There are several require-
ments of the cooling system that make for a unique challenge:

1. The cooling fluid must exhibit radiation hardness, since it operates in a radiation zone.

2. Thetemperature differences within and along the evaporator tubes must be kept low. Sil-
icon sensors are thermally sensitive and prone to cracking under thermal gradients.

3. Pressure drop in two-phase flow should be within limits since it also leads to temperature
gradients.

4. The dense nature of the detectors places tight space constraints on the system, leading to
a need for small diameter tubes.

5. Inorder to prevent inadvertent alterations of the paths of the particles through collisions
with the cooling apparatus, its material budget must be kept to a minimum.

6. The temperature of the Silicon chips must be kept low (of the order of -30 °C) to prevent
radiation from damaging the crystal structure of the Silicon. The time spent by the irradi-
ated Silicon at room temperature also must be limited.

7. While the detector itself is located inside the detector cavern, the “services” (including the
cooling plant, control systems and other equipment) are kept in a separate cavern, which
is far away from the main cavern (~100 m). Thus, long transfer lines are needed to transport
the refrigerant from the service cavern to the electronics. During active operation of the
LHC, access to the detector is unavailable due to radiation. Therefore, moving/mechanical
parts inside the radioactive detector should be minimized and preferably eliminated.

8. Difficulty in access to the piping for maintenance purposes (often buried under masses of
electrical wiring) places requirements for redundancy to ensure uninterrupted operation
in the face of unforeseen breakdowns.

9. Oil cannot be present in the radiation zone, since it can coagulate under radiation and

cause blockages in the cooling pipes. Thus, oil-free pumps/compressors are required.

Existing methods for cooling Silicon

At CERN, a number of different systems have been employed for dealing with the challenges
listed above. They may be classified as:

a) Single-phase systems
b) Vapour compression systems (two-phase)
c) Pumped loop systems (also two-phase)

The CMS tracker originally used a single-phase C¢F14 system [1]. Single-phase systems are easy
to implement and well-understood but come with the disadvantages of larger tube diameters
and difficulty in obtaining small thermal gradients.

For the ATLAS tracker, a two-phase CsFs system was employed in a vapour compression cycle
[1], similar to those found in air-conditioners. The advantage of using a vapour compression

14
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cycleisthat the transfer line between the service cavern (where the cooling plants are installed)
and the detector can be ‘warm’ (not requiring any insulation). On the other hand, heaters are
required at the outlet of the evaporator tubes (in the radiation zone) to boil-off any liquid,
which complicates system control and can be a safety hazard. In addition, oil-free compressors
can be harder to find and maintain.

A third concept, currently being used at CERN on three systems, is the topic of interest of this
thesis. The concept, called Two-Phase Accumulator Controlled Loop (2PACL), evolved from
developments in the field of satellite cooling during the 90s [2], and is described in the coming
sections. First, however, the use of Carbon Dioxide as the working fluid in 2PACL systems is
discussed.

CO, as a Refrigerant for High Energy Physics Applications

As mentioned previously, a small material budget and tight space constraints are two of the
most important requirements for any detector cooling system. COF operates at higher pres-
sures compared to conventional refrigerants and therefore allows for the use of small diameter
tubing. A theoretical investigation [3] comparing the hypothetical tube diameters required for
evaporator tubes for ATLAS found that, for 1°C of allowable thermal gradients, a 1.4 mm outer
diameter tube would be needed for COF, as opposed to 3.6 mm for CsFs.

The higher latent heat and lower viscosity of COFcontribute to lower pressure drops, and thus,
lower thermal gradients. A lower viscosity leads to lower frictional losses, while the higher la-
tent heat of CO2 implies that a given amount of cooling load can be managed using a lower
mass flow rate, leading to lower pressure drops. Furthermore, higher CO, operating pressures
mean that larger absolute pressure drops can be allowed to occur without negatively impact-
ing thermal gradients. The small tubing size (i.e. smaller volume) also serves to offset the higher
operating pressures from a safety standpoint, since the stored energy (as defined in the Pres-
sure Equipment Directive) of a COFsystem is comparable to fluorocarbon systems [3].

Further benefits of COFinclude non-toxicity and a low Global Warming Potential (GWP), tying
in with CERN’s objectives of reducing its environmental impact (no phase-out risk for CO,).
Lastly, and crucially, CO, is radiation hard (resistant to radiation) whereas most synthetic re-
frigerants of the Hydrofluorocarbons (HFC) or Hydrochlorofluorocarbons (HCFC) category are
susceptible to radiation decay.

Given all of these advantages, COFwas selected as the working fluid for the Tracker Thermal
Control System (TTCS) of the Alpha Magnetic Spectrometer (AMS) experiment [3] of the Inter-
national Space Station. It was also selected as the refrigerant for the LHCb Vertex Locator [4]
detector of CERN. It has since been used on all subsequent 2PACL systems.

Two Phase Accumulator Controlled Loop

The 2PACL loop was developed at NIKHEF (Nationaal instituut voor subatomaire fysica / Na-
tional Institute for Nuclear and High Energy Physics), as a modified form of a Capillary Pumped
Loop. The system proved capable of solving the requirements of both the LHCb tracker and the
tracker for the Alpha Magnetic Spectrometer [3]. Like the capillary loops, the 2PACL method
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utilises a large-volume two-phase accumulator to control the evaporator pressure, but it uses
a mechanical pump to circulate the fluid instead of capillary action.

Asimplified schematic diagram showing the basic componentsinvolved in a 2PACL loop is rep-
resented in Figure 1.5 along with the corresponding thermodynamic cycle in the pressure-en-
thalpy diagram.

Subcooled liquid is circulated using a membrane pump (State 1-2). The cold refrigerant passes
through an internal heat exchanger where it exchanges heat with the return fluid and gets
heated to the evaporator temperature (2-3). It then passes through an expansion device (3-4)
and becomes saturated. Saturated liquid now enters the evaporator where it cools down the
detectors (4-5). The refrigerant next passes through the internal heat exchanger (5-6), heating
up the subcooled supply-side refrigerant. Finally, the heat is dumped into an external chiller (a
conventional vapour compression system) in the condenser (a brazed plate heat exchanger)
(6-1). Subcooled liquid CO, emerges at the condenser outlet, and the cycle is repeated.

The accumulator sets the evaporator pressure and, thus, the evaporation temperature. A sat-
urated two-phase mixture of CO, is always present inside the accumulator. When the accumu-
lator refrigerant is heated up, some of the liquid evaporates, which increases the vapour
pressure inside the confined accumulator volume and pushes COFout into the loop. Conse-
quently, the loop pressure increase, and, by extension, the two-phase evaporator temperature
increases as well. Conversely, when refrigerant is cooled, it condenses the vapour inside the
vessel, and sucks in refrigerant from the loop, thus decreasing the evaporator temperature. In
this manner, it is possible to obtain very stable and accurate temperature control of the evap-
oration temperature.

DETECTOR

100.

Accumulator

Cooling k/ ‘
coil

Internal
Heat
Exchanger

/570

10.0 -40°C —/

®\@

Pressure (bar)

Compressor

Pump _
Condenser a1 02 0.3 04 05 06 0

Chiller ' ) / / |
Condenser ‘ 100. ! 200 S 300. -

CHILLER COA @ Enthalpy (kJ/kg)
(Primary) (Secondary)

Figure 1.5. 2PACL System Schematic

The mass flow rate of the refrigerant can be controlled using the pump, which can be used to
control the cooling capacity. In this manner, the detector temperatures can be kept steady un-
der varying load conditions. Note that the capacity is independent of the amount of subcooling
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provided by the chiller, given a large enough internal heat exchanger, because the supply fluid
will always get heated up to saturation temperatures. In the next section, components associ-
ated with the 2PACL systems are described in additional detail. A more detailed description of
the transients involved in 2PACL systems is given in Chapter 5.

2PACL Component Details

The major components commonly used in 2PACL systems are listed below:

2 Pump

2 Internal Heat Exchanger
2 Evaporator

2 Accumulator

2 Condenser

2 Chiller

Pumps

The pump is a critical component in the 2PACL cycle. The need for no oil in the cooling lines
means that an oil-free pump must be used. This is complicated by the fact that CO, has low
viscosity and is therefore a poor lubricant. Pump failure is, therefore, one of the more common
failure modes in 2PACL systems. A membrane pump has been adopted to deal with these chal-
lenges.

A membrane pump is shown schematically in Figure 1.6. The Teflon membrane is actuated by
displacing oil via a motor and piston. The membrane opens and closes the suction and dis-
charge ball valves, pumping the CO,. The oil is held separated from the CO, which circumvents
the problem of lubricating the machinery. The stroke length of the shaft as well as the rota-
tional speed of the pump motor can be adjusted to control the mass flow rate.

A Damperis usually placed at the outlet of the pump to dampen the flow oscillations generated
by the pressure waves. A damper is a cylindrical stainless steel vessel containing CO, inside. A
cartridge heater ensures that CO, is always in vapour phase. When fluctuating pressure waves
enter the damper, the vapour is compressed and can absorb pressure shocks.

In some implementations, three out-of-phase pump heads are employed in tandem to give a
smoother flow with lower fluctuations. To mitigate unwanted heat leaks into the subcooled
CO,, the CO, chambers can also be located away from the heated oil (in a configuration called
‘remote head’). A thin hydraulic line then transports the oil from the oil chamber to the pump
head.
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Figure 1.6. Membrane Pump Schematic

Internal Heat Exchanger

The internal heat exchanger ensures that the refrigerant entering the evaporator is at the sat-
uration temperature desired. It play a crucial role in enabling the system performance to be
independent of chiller performance. If the heat exchanger is effective, the chiller can theoreti-
cally be allowed to subcool the CO, to its maximum limit because the cold stream (supply side)
will always be heated up to the evaporation temperature by the two-phase return stream
(shown as the exchange between the cold stream 2-3 and the hot stream 5-6 in Figure 1.7). This
simplifies chiller control and makes the job of the system designer and the system operator
much easier.

Cold Stream | HotStream | [ Insulation

Figure 1.7. Concentric Tube Heat Exchanger

These concentric-tube arrangements are used as internal heat exchangers in the actual detec-
tor systems, where they serve as transfer lines as well. The long lengths of these lines (50 - 100
m in length) leads to very efficient heat transfer between the hot and cold streams.

By contrast, brazed plate heat exchangers (BPHX) are used on the prototype test setups in la-
boratory environments. These heat exchangers are very compact, and are made up of thin cor-
rugated stainless steel plates brazed together. The cold and hot streams flow in alternate
directions and in alternate plates through those corrugations, as shown in the schematic dia-
gram in Figure 1.8.
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Figure 1.8. Brazed Plate Heat Exchanger

Evaporators

Evaporators tubes are thermally connected to the Silicon sensors that are to be cooled down.
The layout of the tubes is complicated by the tracker geometry, and many convoluted shapes
often arise.

[ Supply Manifold Capillary Tubes |

_/{ Front Electronics |
— — — 1 Detector (Silicon Chips) |

Internal Heat Exchanger

L———1 | D
Return Manifold C >
l~ I
I D |
G
| -

Figure 1.9. Typical Evaporator Layout

A typical evaporator arrangement is shown in Figure 1.9. Only one evaporator line is shown for
simplicity. Supply-side refrigerant from the internal heat exchanger is fed into the Supply Man-
ifold. The fluid splits into parallel streams, and is metered through small-diameter capillary
tubes. The fluid is very near the saturated liquid condition at the front electronics. These initial
electronic components (signal converters/readouts etc.) are much less thermally sensitive
than the Silicon detectors, and they serve as a buffer for ensuring that all CO, cooling the Sili-
con detectors is in two-phase. The Silicon sensors are mounted on Carbon fibre staves onto
which the cooling tubes are attached using thermal glue. These additional thermal resistances
create a temperature gradient between the CO, and Silicon temperatures and must be ac-
counted for when designing the cooling system. After the evaporation is complete, the fluid
from the different tubes merges in the Return Manifold.
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Generally, the CO, exhibits Intermittent and Annular flow-patterns [5] in two-phase conditions
(These ‘flow patterns’ characterise geometry of the flowing fluid and are described in the Chap-
ter 2). An important consideration while designing these tubes is that the Dryout zone must be
avoided. Dryout occurs when the tube wall no longer has any contact with liquid, leading to
drastically reduced heat transfer coefficients. This can cause rapid increases in the tube tem-
perature (and thus the temperature of the electronics), which can lead to cracking or warping
of the sensors.

One important complication arises from the fact that the parallel evaporator lines are not sub-
ject to the same thermal loads. The line with the highest load will cause the most refrigerant to
evaporate, and thus will have the highest pressure drop. Thisis undesirable since the manifolds
impose constant pressure drops in all lines, meaning that the line with the highest thermal load
will receive the least flow. This is solved through the use of the capillary tubes, whose re-
sistance is designed to be high enough to dominate over the resistances of the evaporator
tubes or the return line.

A second factor of interest in these evaporator layoutsisthat the accumulator set-point control
uses the return-line outlet (the point where the accumulator is connected to the cycle) as the
location for pressure measurement. Thus, if the outlet line (the line between the Detector and
the Return Manifold) has a large pressure drop, the evaporation pressure (and therefore tem-
perature) inside the detector itself will be higher, which is not desirable. It is therefore neces-
sary to ensure that the outlet lines have as little pressure drop as possible.

A third factor is noted when the CO, entering the detector is not saturated liquid but slightly
subcooled, a delayed onset of boiling can occur leading to liquid getting heated up beyond the
saturation temperature, due to the smooth evaporator tubes being unable to trigger boiling.
This causes an unwanted rise in Silicon temperature, and can cause thermal shocks when the
liquid eventually starts to boil. These factors are discussed in Verlaat et al. [6]

Accumulator

The accumulator is a steel vessel that contains a saturated two-phase mixture of CO,. It uses a
cooling coil and a thermosiphon heater to control the CO, pressure inside. A schematic dia-
gram for a typical accumulator is shown in Figure 1.10. The accumulator holds a large volume
of CO, (For instance, for the test facility used in the current work, 27 L of CO, is held inside the
vessel that is 1.5m tall). Future detectors will feature even larger accumulators, and several of
them in parallel.

A cartridge heater is placed inside the supply tubing located at the bottom of the accumulator.
This configuration ensures that, for most circumstances, the heater is surrounded by liquid CO,
and not vapour. In the design shown, two inlet and two outlet ports exist for the cooling coil
connections, to provide a layer of redundancy in case of chiller failure. The cooling coils are
controlled using a Pulse Width modulated expansion valve that meters the flow of chiller re-
frigerant into the coil.

The control system for the accumulator uses a Proportional-Integral-Derivative (PID) controller
that compares the requested set point temperature (the evaporator temperature desired)
against the actual temperature, and emits a control output. This output is fed into a Split Range
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Controller which takes the PID output and uses it to turn on either the heating or cooling of the
accumulator by controlling the heater power and the valve opening.

Cooling Coil

Inlet/Outlet
Ports A

Inlet/Outlet
Ports B

Thermosiphon
Heater

Figure 1.10. Accumulator construction

Condenser

The condenser is a two-fluid plate heat exchanger with CO, flowing through one stream and
the chiller refrigerant flowing through the other. Inside the condenser, the two-phase CO, from
the evaporator is condensed to subcooled liquid. Thus, a phase transition occurs which must
be accounted for by the models. A photograph of a typical condenser is shown in Figure 1.11.
The steel bolts used to hold together the heat exchanger structure are representative of the
older generation. The newer generation resembles the brazed plate construction of the inter-
nal heat exchangers.
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Figure 1.11. CO, Condenser

Chiller

The heat absorbed by the CO, inside the evaporator is dumped to the chiller in the condenser.
The chiller is usually a standard vapour compression system and acts as the Primary cooling
system for 2PACL systems. Thus far, all the chillers used in 2PACL system have employed syn-
thetic refrigerants, but the next generation systems will use a CO, -based vapour compression
system operating very close to the freezing point of CO, (-56.6°C) [7]

Current Status of 2PACL Systems

The 2PACL concept described here has already been used on several detectors, and success-
fully so. This has led to an increasing interest in the technology for use in more CERN detectors
as well as other high energy physics experiments requiring Silicon cooling.

The next rounds of upgrades, the “Phase-II” upgrades to the LHC, will occur during the third
Long Shutdown (LS3) of the machine, around 2025. During this upgrade, all Silicon trackers of
the ATLAS, CMS and LHCb experiments will be moved to CO, cooling.

The LHCb tracker already uses a CO, system and the upgraded version of it will continue to use
COFbased systems [8]. For CMS, in 2017 a CO, 2PACL system replaced the C¢F14 single-phase
system for the Pixel detector [5]. The Phase-Il upgrade will involve the replacement of the full
tracker (with a new Pixel detector as well as a new Silicon strip detector). For ATLAS, the exist-
ing CsFg system is also being replaced by a CO, system [6]. The Phase-Il upgrade of ATLAS,
planned for 2025 will involve a removal of the existing tracker, and a replacement with a large
COFcooled Silicon detector.

A timeline of past and future activities related to COFbased cooling is shown in Table 1.1, and
is indicative of the increasing interest in CO, based cooling as well as of the increasing power
and complexity of the forthcoming systems.
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Table 1.1. COFCooling Timeline
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. . Installed Cooling

Year System Estimated Dissipation
Power

2009 LHCb VTCs 760 W 1 kW
2011 | AMS-02TTCS 150 W ~200 W
2014 | ATLASIBL 2 kW 2 kW
2017 | CMS Pixel upgrade (Phase 1) | 10 kW 2x15kw
2019 LHCb VELO + UT upgrade 2 kW + 5 kW 2x7kwW
2025+ | CMS Tracker upgrade 500+ kW 21 x50 kW (incl. spare)
2025+ | ATLAS Tracker upgrade 300 kW 13 x 50 kW (incl. spare)

Current Challenges

While the 2PACL method has been successful in several applications already, the ever-increas-

ing adoption rates of the technology have presented several new challenges to overcome [9]:

2

The total power removal requirements for new detectors will be in the region of several
hundred kW, requiring several plants to be operated in parallel. 100% availability of the
system will also need to be ensured, requiring the presence of at least one spare plant in
each parallel battery and the capability to remove and replace from the loop any single
plant - during planned or unforeseen maintenance phases - without any disruption to the
system operation.

The number of independent cooling loops per plant will grow one order of magnitude in
the coming years (from few tens to few hundreds) bringing in non-negligible additional
complications for the design and balancing of the transfer lines and distribution systems.
The existing systems base their control philosophy on the use of a two-phase accumulator,
which also functions as a storage tank for CO,. The very large amount of CO, required by
the future particle detectors, the policy of redundancy and multiplexing of parallel plants,
and the complexity of storing all the CO, in a large pressure vessel in a confined environ-
ment located underground will require a thorough revision of the whole control philoso-
phy.

The evaporators that absorb the heat generated in the most critical regions of the detec-
tors will be single- and multi- mini/micro- channel design, a promising configuration cur-
rently being investigated for high heat flux cooling applications (such as microelectronics
circuits and lasers); however, the knowledge of CO, two-phase evaporating flow in these
microscale systems is presently limited in steady-state conditions and very limited in dy-
namics conditions, so that more fundamental experimental/modelling work is needed to

reach the level of understanding appropriate for the practical use these evaporators.

Motivation

Given the nature of the challenges outlined above, combined with the increasingly widespread

deployment of the 2PACL principle, it is necessary to develop a dedicated numerical simulation
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tool in order to streamline the process of designing and developing future systems. Valuable
insights and a better understanding of the system can be obtained through analysing transient
phenomena such as:

2 System startup, which involves the steps of first heating up of the accumulator to liquefy
all COF, turning on the chiller to create subcooling for the pump and, lastly, application of

heat load inside the detector.

2 Anincrease in the heat load on the evaporator, which produces additional vapour in the
system. This causes liquid to flow into the accumulator, leading to higher pressures inside
the accumulator which will, in turn, lead to a higher saturation temperature. The accumu-
lator controller will thus have to react to this. Similarly, a decrease in the evaporator heat

load will need accumulator correction.

2 Achange in evaporator set point temperature, which will involve the accumulator heating

up or cooling down in order to replenish or extract COFfrom the cycle.

2 Handover of cooling responsibilities between multiple COF cooling plants, involving the

de-loading and loading of individual plants, especially in the case of failure of a plant.

Understanding such phenomena is crucial since they affect the control characteristics of the
system as well as operational safety. Furthermore, challenges such as the investigation of al-
ternatives to large-volume accumulators will require the ability to try out many different pro-
posed alternatives and have a basis for comparison amongst the different proposals.
Evaluating all potential scenarios on real-life, scaled experimental systems would be cumber-
some, expensive and time-consuming. Instead, an ability to analyse not-yet-existing systems
using avalidated numerical simulation toolis needed, and this is the motivation for the present
work: the development and validation of a flexible, general purpose numerical simulation tool
for the steady-state and transient analysis of COFcooling systems for use in current and future
high energy physics applications.

The system includes many interlocks to ensure all failure modes are covered. Using PLC con-
troller simulators, the tool will enable operator training to be carried out in a safe environment
with no dangerous consequences of errors. Virtual commissioning of the plants (for instance,
creating a new PLC strategy and testing it) will also be performed using the tool. Lastly, the tool
will also prove essential for after-the-fact analysis of faults in the system. Given the frequent
first-of-a-kind nature of particle accelerator research, such system faults are not unlikely.

All of these requirements clearly show that an off-the-shelf solution would not be adequate for
the current application, and a dedicated numerical simulation tool must be developed instead.
Fortunately, the current work is not required to start from scratch. At CERN, the Cryogenics
cooling team have developed anin-house tool, called Cryolib [10], in EcosimPro, acommercial,
object-oriented physical modelling environment. For the current project, it has been decided
to utilise Cryolib as a foundation. Chapter 3 gives the details of the development of the compo-
nent library.
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2. Literature Review

This chapter contains discussion on the state of the art of current literature as it pertains to the
dynamic simulations of pumped loop cooling systems

Transient simulations of thermofluid systems have been of interest to researchers for several
decades now. For instance, simulations of two-phase vapour compression systems were first
published in the late 70s [1,2]. In the subsequent decades, the computational resources avail-
able to researchers have increased several orders of magnitude. In addition, several modelling
techniques have emerged that help create robust and accurate models applicable for a wide
range of operating conditions.

The field of pumped loop cooling systems, however, is still very new and not much research
has been devoted to the simulations of such systems. This chapter discusses the state of the
art in modelling and simulating two-phase cooling systems, describes gaps in the literature
and concludes with the research objectives of the current work.

Two-Phase Flow

As mentioned previously, the Silicon electronics involved in the current application are sensi-
tive to thermal gradients, and require strict temperature control. CO, in two-phase is encoun-
tered inside the evaporator, accumulator as well as the condenser. Indeed, the temperature of
the evaporator itself is controlled using the accumulator by controlling the pressure of the two-
phase CO, inside. Therefore, accurate modelling of two-phase CO, flow is of particular im-
portance to this application. Accounting for two-phase flow affects predictions of not only the
flow behaviour (in terms of the governing equation, for instance the migration of refrigerant
charge), but also the heat transfer and pressure drop characteristics of the fluid.

Two-Phase flows are inherently more complex than single phase flows, simply through the
presence of a second phase which makes the flow unsteady. Several additional complicating
factors arise due to this second phase, such as the presence of counter-currents, evaporation
and condensation of fluid within the channel, and mass, energy and/or momentum transfer
between the phases [3]. In terms of modelling, calculating thermodynamic quantities such as
density is harder since the liquid and vapour phases often have different velocities, which af-
fects the flow rate. Finally, the two phases can exist in a variety of configurations, from well-
mixed (with either vapour bubbles dispersed in liquid or fine liquid droplets entrained in va-
pour) to highly stratified flow.

Flow Regimes and Flow Pattern Maps

A two-phase mixture flowing inside a channel may occupy a number of different configura-
tions, called flow patterns (or flow regimes). These are used to classify two-phase flow inside a
channel based on the internal geometry of the flow, and depend on many factors, such as size
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of the channel, orientation of the channel (horizontal or vertical)
and flow characteristics. Determining the flow pattern is useful
not only for gaining an intuitive understanding of the flow con-
ditions that exist inside a tube but is also important for deter-
mining the pressure drop and heat transfer characteristics of
evaporative or condensing flows. A flow pattern map, devised
using flow conditions, first determines the flow regime that ex-
ists, and then employs relevant constitutive equations to find
the friction factor and heat transfer coefficients, which are sub-
sequently used in the conservation equations. Generally, adia-
batic flows, boiling flows and condensing flows are all treated
individually.

The classifications of the flow conditions into flow patterns are
subjective and typically performed through visual inspection.
Through the course of many publications, however, some
standard terminology has appeared. Levy [3] classifies flow pat-
terns for horizontal and vertical flows into five major categories:

2 Stratified flow: In horizontal tubes at low liquid and vapour
velocities, gravitational effects cause complete separation
of the two phases, with the liquid flowing along the bottom.

2 Bubble flow: Vapour bubbles are dispersed within the lig-
uid phase. In horizontal tubes, due to buoyancy, the vapour
bubbles are more concentrated near the top of the tube

2 Slug flow: At higher vapour velocities than bubbly flow, the
bubble sizes are large relative to the tube diameter and are
separated by slugs of liquid.

2 Annular flow: A vapour core travels alongside an annular
film of liquid along the tube walls. Some liquid droplets

might still be entrained in the vapour core
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Figure 2.1. Typical Vertical
Tube Flow Pattern Transi-
tions [15]

2 Mist (Dispersed) flow: A fine liquid mist is entrained inside the vapour, which occupies

nearly the entire tube cross-section.

Other transitional patterns, such as stratified wavy or wavy annular flow are treated within the

context of the major patterns. Figure 2.1 and Figure 2.2 depict how single-phase liquid at a tube

entry transitions through typical flow patterns in vertical and horizontal tubes respectively.

In flow boiling, two types of mechanisms are encountered. In bubbly/slug flow, nucleate boil-

ing via bubble nucleation dominates while in the annular flow region, convective boiling via

heat transfer to the liquid annular film generally dominates [4]. Several properties of CO2, such

as low surface tension and large difference between vapour and liquid densities lead to the

generation of very small bubbles during boiling, and suggests that nucleation can be more im-

portant, even in annular flows, compared to other typical refrigerants.
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Figure 2.2, Typical Horizontal Flow Pattern Transitions [5]

Flow Boiling in Microchannels

Smaller channel sizes offer higher surface-area-to-volume ratios, thus enabling more compact
equipment sizes. Due to this advantage, microchannel-based compact evaporators have al-
ready found use in the field of automotive air-conditioning systems. Several challenges exist,
however, that must be tackled before a thorough physical understanding of flow boiling can
be attained, and these issues are highlighted in this section.

The first challenge is the definition of “microchannel” itself. Cheng and Xia [6] in a 2017 article
highlight this as one of the main research issues and discuss attempts at resolving the transi-
tion between ‘macro’ and ‘micro’ flows. In essence, at microscale levels, surface tension effects
dominate to the extent that the influence of gravity becomes irrelevant. The authors note that
while some attempts at determining a criterion for transition involve classifications based on
application or channel hydraulic diameters, others focus on using dimensionless numbers in-
volving the ratio of surface tension and gravitational acceleration. Cheng and Mewes [7] com-
pared four different criterion proposed (one based on hydraulic diameter, the others based on
the ratio of surface tension and gravitational effects), but found drastically different values for
different reduced pressures (Reduced pressure is the ratio of operating pressure to the critical
pressure of the fluid).

More recently, Ong and Thome [8] also studied the flow boiling behaviour of refrigerants R134a,
R236fa and R245fa for channels of diameter 1.03, 2.20 and 3.04 mm and investigated the tran-
sition, which they discuss in terms of Confinement Number (Co) (the ratio of gravity to surface
tension forces), given as per Equation (1.1).

Co= * |7 (1.1)

Where, Co is the confinement number, D, represents the tube inner diameter, * the densities,

g is the acceleration due to gravity, and * is the surface tension.

The authors propose that, as an approximate rule of thumb, gravitational forces may be con-
sidered fully suppressed at confinement numbers around 1, and the transition to macroscale
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slug flow behaviour begins at Co ~ 0.3-0.4, with a transition (or ‘mesoscale’) region in between.
Different authors, however, provide different criteria for the transition and no comprehensive
comparison exists that provides a ‘best’ answer. It is clear that further research is needed to

1
Channel Mate- . Mass Flux
Authors Geometry rial* Dy (mm) Fluid (kg/m?2s)
Yun et al. Csingle, H | SS 6.0 K U Zii| 170340
Yun et al. R multi, H SS 1.14,1.53,1.54 K 200400
Zhao and Bansal C single, H | SS 4.57 K 140231
Mastrullo etal. | C single,H | SS 6.0 K 200-349
Oh and Son Csingle, H | SS 4.57 K 400-900
Wu et al. Csingle, H | SS 1.42 K 300600
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