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ARTICLE INFO ABSTRACT

Keywords: According to the High-Luminosity plan (HL-LHC) the Large Hadron Collider will be upgraded to further extend
Innovative ejector cycle physics discoveries (2033-2034). The increase of the luminosity is followed by an increase of the radiation
Detectors damage on the silicon sensors used to detect those particles, which they must be preserved from the thermal
Thermal shock . . . . .

Krypton runaway after which the sensors reach electrical breakdown. The future upgrade will require to the cooling

system temperature levels ranging from -60 to -80 °C, currently unattainable by the CO; cooling technology
(2PACL). From a previous study the noble gas krypton was selected for the thermal management of future de-
tectors as working medium. To meet the requirements of the new generation of particle accelerators, a new
ejector-supported cooling system was proposed.

In this work, thermal design of the innovative ejector cycle was carried out starting from the detector. The
semi-passive detector loop was first designed to ensure optimal working conditions of the detector. Liquid
krypton is supplied to the detector by the ejector, maintaining a constant pressure lift independently of the
operating temperature, with a flow variation not exceeding 4.3 % of the design value. The boundary conditions
expressed by pressure, density and flow rates will serve as inputs for the design of the adjustable geometry
ejector. To verify the thermal stability along the detectors, development of a control strategy to handle setpoint
changes and sudden change in the cooling power is also addressed. The off-design case with fluctuating heat
loads shows an offset in the evaporating temperature below 0.3 K.

1. Introduction

The largest and most energetic accelerators worldwide called Large
Hadron Collider (LHC) is located at CERN, the European Organization
for Nuclear Research. The Large Hadron Collider is a super-conducting
accelerator installed in a 27 km long circular tunnel that is buried 100
m underground. It is used to study the basic constituents of matter
through the tracking of path and momentum of particles which are
accelerated in two counter-circulating bunches before colliding in
proximity of the so-called interaction point. At the collision point, new
particles are created and spread in all the directions around the beam
pipe. A powerful magnet installed around the interaction point provides
a strong magnetic field that bends the trajectories of all the charged
particles created in the collision to derive their momentum and charge.
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The extreme precise spatial reconstructions of tracks are obtained
through a hermetic multi-shell closed volume. Coaxial cylinders, so-
called “Barrels” are mounted around the beam pipe where the largest
radiation dose is registered. Up to a certain distance from the beam pipe,
the layers are organized as disks perpendicular to the beam (so-called
“EndCaps™). Detector trackers normally comprise different type of
semiconductor detector technologies. In the outer layers of the tracker,
elongated semiconductor arrays arranged alongside each other called
strip modules, allows to reconstruct the trajectories of particles. The
electrical charges created by the particle crossing are recorded by the
read-out electronics installed close to the modules. The pixel modules,
consisting in sensing elements arranged in two-dimensional arrays, have
the readout chips directly installed below the model. They are installed
in the innermost layer providing a very precise spatial resolution and
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high signal-to-noise ratio (Seidel, 2019). Four larger experiments,
characterized by different energy density, are located at CERN and they
are known as ATLAS, CMS, LHCb and ALICE experiments. The radiation
level in proximity of those detectors is an indication of the damage to the
silicon sensors, which must be protected and preserved to maintain their
functionality and efficiency (Beck and Viehhauser, 2010). With the
launch of the physics program of the LHC (Pettersson and Lefevre,
1995), a radical innovation of the conception of the tracker and asso-
ciated cooling system began. The goal of the cooling system is to
maintain the sensors cold and at a controlled temperature, maximizing
the signal to noise ratio.

In the old generation of particle detectors, single-phase water cooling
in a sub-atmospheric system was used as the radiation level was suffi-
ciently low (ATLAS collaboration, 1997). However, with the advance-
ment of the semiconductor technology and increase of the radiation
dose, the high freezing point of water and being electrically conductive
pushed the need for novel technologies. The initial approach of using
water-based mixture with freezing point depressant fluid as methanol
was dropped in favor of an evaporative cooling system using per-
fluorocarbons (CsFg) for cooling of the sensors down to —20 degree
celsius, thanks to its dielectric properties, molecular stability and
non-flammability (Anderssen and others, 1999; Attree et al., 2008). The
first system was an oil-free compressor-based cooling cycle which suf-
fered by fatigue problems on the compressors that caused frequent
failures and leaks. In addition, a controlled cooldown of the sensors
especially during critical transient as the startup was difficult to achieve,
leading to an electric failure of many silicon modules and strongly
reducing their lifetime due to the exposure to thermal shocks. As an
alternative to the CsFg compressor-based system, a gravity-driven CsFg
thermosiphon system was designed and launch in operation in 2015
(Battistin et al., 2015) while the compressor-based cycle became the
backup unit. However, at low evaporating temperatures, the poor
thermal performance of the fluid concerning the low operating pressure
made a new evaporating cooling solution with CO; gaining popularity
until it was chosen as cooling solution in the cosmic particle detector
AMS-02 (Van Es et al., 2004; Zhang et al., 2011) and in the LHCb Velo
detector (Verlaat et al., 2008). Afterwards also the ATLAS ITk (Inner
Tracker), which is the innermost detector directly located around the
interaction point where hardware minimization is even more
demanding, adopted a CO; cooling-based solution. The diameter of the
cooling channel with CO3 could have been reduced by approximately a
factor four, while maintaining an acceptable temperature difference
between inlet-outlet of each evaporative cooling line. The temperature
budget, defined by a maximum allowable temperature difference of 3 K
between the inlet and outlet, serves as a key specification for selecting
the optimal design.

According to the High Luminosity plan (HL-LHC), a major upgrade of
the entire underground infrastructure will take place in 2033-2034
(ECFA Detector RandD Roadmap Process Group, 2020). Following pe-
riods of operation (Run), the LHC is stopped for one or more years
during the so-called Long Shutdowns (LS) to carry out maintenance,
consolidation, or a complete upgrade of each sub-detector. The next
major upgrade (LS4) will see the detectors interested by unprecedent
level of high particle densities. Today’s cooling system operating with
CO9 has reached its temperature limitation due to the triple point
location, i.e., —56 degC. The 2PACL (two-phase accumulator pumped
loop) is part of a cascade refrigeration system aimed to remove the heat
released by the sensors. At detector level, the minimum temperature
attainable is around —40 °C, considering the subcooling required at the
pump inlet and the increasing temperature losses of the fluid while
operating at low operating pressures (Tropea et al., 2016; Zwalinski
et al., 2023). As a result of such limitations, thermal runaway of the
sensors is predicted for the future detector upgrade if no measures are
taken.

For this reason, as part of a large study, a preliminary study on
environmental-friendly refrigerants for operation at temperatures below
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—50 °C showed the noble gas krypton as potential candidate for thermal
management of future detectors, with the possibility to go as low as its
triple point (=~ —157 °C) (Contiero et al., 2024). A new ejector-supported
system using krypton was developed (Contiero et al., 2024) with
extensive functionality to cope with the harsh detector requirements. In
this study, the thermal design of the system is addressed, and guidelines
for the future system’s design are discussed as this is crucial for the
upcoming steps into the experimental verification of the cycle technol-
ogy. Given the wide range of operating conditions covering both gas/-
supercritical and two-phase states, the design of the system was based on
the latter phase mentioned. Since the detectors are the most sensitive
components, the design initially focuses on providing an architecture
that meets their stringent requirements. The flow rates and the pressure
levels obtained from the design of the detector cooling loop are essential
to dimension the adjustable geometry ejector. As last, dynamic model-
ling and development of a control strategy aiming to provide a stable
and controlled cooling were addressed.

2. Specific requirements of the detector cooling system

Silicon detector trackers are exposed to different temperature levels
during their lifetime, starting from room temperature during the
commissioning phase down to the cold temperatures required to run
physics experiments. The gas state of krypton at room temperature poses
challenges never experienced so far for detector cooling. Operation and
design guidelines of gas/supercritical cycle is quite limited and only
power system based on the Brayton cycle using supercritical CO; serve
as reference (Moisseytsev et al., 2009). However, important insights can
be drawn for the existing supercritical COy cycles such as pressure
regulation of the cycle and the dynamics concerning the single-phase
state of the fluid (Mahapatra, 2018; Trinh, 2010). For such reasons the
system designed was based on the two-phase area, where the detector
operation is provided by flow boiling (below —70 °C). Conversely to the
existing two-phase pumped loop approach (2PACL) (Verlaat, 2007), the
use of a vapor compression system creates different challenges. Oil-free
is mandatory due to break chain of the molecular structure of the lu-
bricants in a high-irradiated environments. Oil-free compressors expe-
riencing high densities difference at the suction (while moving from
warm to cold temperatures) are hard to design and they normally
require more maintenance than oil-lubricated compressors. As occurred
with the old cooling system at CERN using CsFg (Attree, 2008), to
address the high level of reliability a redundant compressor pack is
strongly recommended to take over the other compressor group during
maintenance.

As a short summary of the key requirements presented in (Contiero
et al., 2024), serving as basis for designing of the cooling system:

e For low-mass detector design it is extremely important to minimize
the hardware installed close to the detector, reducing the pertur-
bances to the measurements.

e Avoid thermal shocks while gradually cooldown the detectors,

especially considering their limited thermal mass and inertia. Con-

trolling the fluid temperature entering the detectors is of primary
importance.

For two-phase cooling it is imperative to work safely away from risk

of dry-out. Vapor quality measurements, normally difficult to be

performed, are discouraged by the lack of space and as rule of thumb

a vapor quality limit of 35 % is normally considered.

The latter requirement introduces the challenge of delivering only
vapor to the compressor suction port due to the incompressibility of the
liquid phase. The two-phase state at the detector outlet demands
different solutions at system level. The simplest and more inefficient
solution is to use a heater to fully vaporize the exhaust two-phase flow
(Attree, 2008). A more efficient way is the use of an ejector which acts as
a pumping device regulating the flow through the detectors. Each of the
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previous solutions influences the system architecture. Krypton proper-
ties and ejector working mode precludes to follow up the detector
working conditions, requiring a compressor design to withstand a wide
variation of temperature-pressure (densities). The cooling system
developed at CERN using C3Fg was designed such to work with fixed
conditions at the compressor suction. Cooling capacity was controlled
via bypass regulation and the evaporating temperature with a
back-pressure regulator, throttling the flow from the detector outlet
down to the suction pressure of the compressors. This methodology was
applicable because of the two-phase state of the fluid all over the
operating range.

Passive expansion devices are required due to the unfeasibility of
performing maintenance in a high-irradiated environment. In some
detectors, capillaries are also used to cover the distance between man-
ifolds and evaporators while at the same time promoting expansion of
cold liquid into the two-phase zone characterized by low vapor content.
The subcooled liquid at the capillary entrance is supplied by a tube-in-
tube heat exchanger while further vaporizing the exhaust two-phase
flow at the detector outlet. The concentric line must be designed to
ensure the supply of the required subcooled state at the capillary
entrance while having low pressure drops on both lines. The sum of the
pressure drops across the different components represents the pressure
lift that must be provided by the ejector. Maintaining a small pressure
gradient on the return line provides a direct control of the outlet evap-
orating temperature.

3. Conceptual design of the ejector-supported system

The cycle architecture of the new cycle is presented in Fig. 1, for
more details the reader is referred to (Contiero et al., 2024). The cooling
system resembles a traditional vapor compression unit equipped with an
ejector to drive liquid-gas recirculation through the detectors. The
schematic here presented includes an additional valve in the detector
loop (“bypass detectors™), which serves as additional protection for flow
control especially during the cycle startup where thermal shock is an
extreme concern.

The design followed in this study is a stepwise approach which
combines performance of krypton cooling in mini-channels, ejector

LEGEND:
Krypton cycle (High-pressure side)
Krypton cycle (intermediate pressure)
R744 primary chiller

Krypton detector loop (Low-pressure side)
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working principle and temperature requirements. The expected tem-
perature range of interest lies between —60 to —80 °C. As broadly dis-
cussed in (Contiero et al., 2024), high-pressure fluids offer better
performance than low-pressure fluids, accepting higher pressure drops
while resulting in lower temperature gradients. Maintaining low tem-
perature gradients among inlet-outlet preserves the integrity of the
sensors, although the fluid heat transfer coefficient should not degrade
excessively to preserve the same heat removal capability along the
cooling line.

During flow boiling operation is important to maintain the liquid
receiver in two-phase state: this has an influence on the pressure regu-
lation methodology which differs between supercritical and transcritical
operation. By having the liquid receiver in the two-phase state, the
maximum allowable evaporating temperature decreases as a function of
the pressure drops upstream the evaporator section. The range here
considered is within —70 to —80 °C, corresponding to the reduced
pressure between 0.62-0.84.

The estimation of the thermohydraulic performance in the evapo-
rator section is the first step. Such conditions, in terms of flow rate,
temperature and pressure, are supplied via the ejector and dependent on
the design of the different components surrounding the detector volume
(i.e. capillaries, concentric line). Estimation of heat transfer coefficients
and pressure drops in two-phase rely on the correlation provided by
Kandlikar (Kandlikar, 1990) and Friedel (Friedel, 1979), respectively.
The estimated pressure drops in the detector at different operating
pressures open to a double design approach, which is strongly depen-
dent on the future operating range. Depending on the rated temperature
(=70 or —80 °C), the system design and dynamic would change (Fig. 2).
More specifically, if the lowest evaporating temperature is taken as
reference and the flow under such conditions is maintained constant at
different operating pressures, the vapor content at the exhaust two phase
flow will increase under the same heat load and closer to the critical
point (from 35 to 51 %). The drawback of such approach is the risk of
dry-out at warmer temperatures. Vice versa, by taking the warmest
temperature as reference would lead to an overflooded situation with an
increase of the liquid content while progressing towards colder opera-
tion (quality falling from 35 to 24 %). The drawback is recirculating
mainly liquid degrading the heat transfer, and the fluid would suffer by
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Fig. 1. Simplified architecture of the krypton cooling system.
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Fig. 2. Graphical representation in the p-h diagram of the implications deriving from the two proposed approaches.

larger temperature gradients at lower pressures. The highest evapo-
rating temperature was chosen as reference to ensure the largest flow
rate to make feasible the construction of a prototype controllable
ejector, due to the limited cooling capacity of test unit.

The impossibility of actively regulating the flow through the evap-
orator channels and the floating heating powers from the experiments
impose to introduce predominant pressure drops upstream the detector
via the capillary such to suppress parallel boiling channel flow in-
stabilities. Promoting a homogenous flow distribution is of critical
importance such to ensure that, under the most unbalanced situation,
the highest load in one of the cooling branches would still invoke enough
flow to avoid dry-out. A predominant pressure drops upstream the
evaporator in subcooled state is well known to be effective for hydraulic
balancing of circuits with flowing medium.

The tube-in-tube heat exchanger must be sized considering the
largest capacity which occurs at higher pressures where the enthalpy
change is higher due to the compressibility of the liquid phase. The
concentric line design is such that the subcooled liquid can potentially
reach the outlet return temperature while ensuring as little pressure
drops as possible in both feeding and return line. Except the small offset
in the return two-phase line, controlling the ejector suction nozzle
pressure allows a direct control of the evaporating temperature in the
detector. The pressure lift, defined as the pressure difference between
the liquid line at the bottom of the liquid receiver and the suction nozzle
of the ejector (see Fig. 1), is maintained constant under all operating
conditions.

The pumping capacity of the ejector strongly depends on the working
conditions. It can refer to the ejector’s ability to significantly increase
the pressure of the secondary flow at the expense of the quantity of
entrained refrigerant, or vice versa. The crossing points between the
operational curve of the detector loop and the ejector defines the opti-
mum geometry. The total cooling capacity of the demo system presented
here, including three evaporators, is about 450 W, with a peak load in
each cooling line up to 150 W. The cooling capacity applied in the study
derives from the pixel modules installed in the innermost tracking
layers, characterized by high volumetric power dissipation. In this area,
the use of cold coolants as krypton is essential to maintain thermal
stability after exposure to high radiation damage.
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4. Dynamic modelling of the cycle

This section discusses the thermodynamic modelling of the system
presented, with an overview of the modelling approach of the key
components such as compressor and ejector. Additionally, a control
strategy for transcritical operation of the system is proposed, aiming to
maintain the thermal stability of the detector during typical transients
encountered in physics experiments.

4.1. Model description

A dynamic model using Modelica object-oriented programming
language in the Systemes, Dassault., 2022 environment was used to
simulate the existing test setup built at the Varmeteknisk laboratory at
NTNU (Trondheim, Norway). The physical-based model developed is
based on the commercial library TIL-Suite HD 3.11 from TLK-Thermo
GmbH (Richter, 2008) specifically developed for high-dynamic simu-
lation with fast transients, using TIL-Media 3.11 library (Schulze, 2013)
which consists of pre-loaded thermophysical properties of different pure
fluids and mixtures. The only customized component was the
tube-in-tube heat exchanger, since such geometry configuration was not
included in the heat exchanger package offered in the library. Correla-
tions previously mentioned for two-phase and single-phase flow (Dar-
cy-Weisbach for pressure drops, Gnielinski for heat transfer) were
implemented. A fuzzy modelling approach (Kim et al., 2021) was used to
create a systematic interpolation through a weighted average of the
different functions (correlations) that are valid only in their specific
domain (single & two-phase state), providing a smooth transition when
crossing the saturation line, aiming to avoid failure or stiffness for the
solver. Despite the absence of krypton-rated components in the market,
the authors opted for high-pressure rated components designed for CO»,
given their similarities with respect to operation envelope expressed in
reduced pressure (Pcrit,co2= 73.77 [bar],peritkr = 55.25 [bar]). A small
transcritical COy Dorin compressor (model CD180H), with a swept
volume of 1.12 m®/h, was integrated into the prototype. While the use of
an oil-lubricated compressor introduces challenges in terms of oil
management, it is specific to the prototype and would not be a factor in
the actual system. In the model, effects of oil were neglected. The
reciprocating compressor was modelled following a physical-based
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approach, where volume of suction and discharge chamber were
considered in the dynamic energy and mass balances. For sake of
simplicity the adjustable-needle ejector was modelled as an ejector with
continuous modulation of the opening degree (reduction or increase of
the throat of the motive nozzle) with a constant efficiency under all
operating conditions (25 %), defined as in (Elbel, 2011). Because of the
lack of studies on flashing of krypton, the motive flow rate was estimated
using a built-in model for compressible flow (Brennen, 2005) offered in
the TIL library.

4.2. Controlling strategies

Three main transient operation stages (startup, supercritical cool-
down, and supercritical operation) precede the transcritical operation of
the cycle. However, transition from supercritical to transcritical will be
the subject of another study. Responding to variable load conditions in
normal operation mode (transcritical cycle), the control logic should
aim to:

e Ensure smooth and precise control of operational parameters, spe-
cifically flow rates and saturated temperature at the detector level.
This typically occurs while the detectors are powered, due to the
extensive electronics involved and the risk of electric failure from
power cycling.

Sizing the ejector to provide the primary and secondary stream mass
flow rates requires five boundary conditions expressed in terms of
pressure and density at the motive and suction port, as well as the
outlet pressure. Maintaining one or more of these boundary condi-
tions constant would simplify the ejector’s sizing.

Although the cycle is more complex than a traditional low-pressure
receiver cycle where an ejector is used for liquid recirculation, useful
insights can be drawn from the transients triggered by either external
(heat rejection medium) or internal variables (pressure). Specifically, if
the gas cooler outlet temperature increases, warmer gas is expanded in
the motive throat, causing a temporary rise of the receiver pressure.
Conversely colder temperatures generate a rise of the liquid level and a
drop of the receiver pressure. Similar effects occur via a reduction or
enlargement of the annular flow passage in the throat. Any pressure
fluctuations in the receiver will cause either colder or warmer krypton
being carried over to the detectors. To respond to any perturbation in the
system, the following logic was implemented:

e The high-pressure side is regulated and held to a fixed setpoint via
the bypass valve downstream the first gas cooler (CGBV).

The first gas cooler rejects the heat to the primary CO; chiller to
control the outlet fluid temperature on the krypton side. This tem-
perature is chosen such that expansion through the CGBV would
always generate superheated vapor in case the IHX is not able to
sustain an acceptable level of superheat.

The receiver pressure is controlled via the heat rejection in the sec-
ond gas cooler.

The controllable ejector is modulated such to increase the entrain-
ment potential, if required, by an increase of the motive stream flow
rate at constant pressure. On the other hand, the entrainment po-
tential is diminished by turning down the metering valve V.9 up-
stream the suction nozzle, as described in (Contiero et al., 2024),
corresponding to the overfed scenario.

. Results of the numerical study

In this section numerical results concerning the design of the semi-
passive detector loop are first presented. The results obtained have
been used as input in the dynamic model to assess the response of the
system while applying the controlling strategies proposed in Section 4.2.

164

International Journal of Refrigeration 178 (2025) 160-169
5.1. Steady-state performance analysis of the semi-passive detector loop

From the previous study (Contiero et al., 2024), geometry optimi-
zation of the cooling channel identified an inner tube diameter of 2 mm
as most suitable for a 150 W detector cooling purposes, independently of
the total cooling capacity of the system. Pressure drops and temperature
gradients have been estimated first in the evaporator section which
represents the core of the detector cooling loop. In two-phase state, as
well as in single phase close to the critical point, thermophysical and
transport properties change rapidly with pressure and density and
therefore a finite difference method was used. Numerical evaluation was
carried out in MATLAB (The MathWorks Inc. (2022)) where boundary
conditions in terms of saturated liquid at the evaporator entrance, outlet
quality and pressure are set. Fig. 3(a) shows the progressive increase in
the flow required to maintain an outlet vapor quality of 35 % as it moves
closer to the critical point due to the reduction of the latent heat. Fig. 3
(b) shows an example of pressure and fluid-wall temperature distribu-
tion along the cooling channel. The computed wall temperature profile
is dependent on the correlation used, in which nucleate boiling and
convective heat transfer coefficient are evaluated separately and their
simultaneous contribution to the local heat transfer coefficient is not
considered but rather the local maximum of them. The mass flow rate
calculated at the highest evaporating temperature (—70 °C) was chosen
as design flow.

Based on the estimated pressure drop in the evaporator section, the
capillary was sized to introduce approximately a gradient four times
higher than what observed in the evaporator. However, each capillary
must be sized using experimental data as for small inner diameters the
pressure drops are very sensitive to the inner rugosity of the pipe and to
the uncertainty of the inner channel diameter. A tiny variation of the
inner channel can lead to large uncertainty in the resulting pressure
drop. An illustrative example is shown in Fig. 4.

As last, the concentric line was designed (Fig. 5): the feeding (liquid)
line to the capillaries is placed on the inner side to be shielded from
ambient heating, avoiding a double insulation due to the limited space.
Liquid flow does not suffer higher pressure drops and pipes of reduced
diameter can be used. The equivalent annulus diameter can be enlarged
to reduce pressure losses in the return two-phase flow.

Close to the critical point, a non-linear variation of the specific heat
capacity is registered leading to a non-linear variation of the liquid
temperature along the feeding line. The extreme low temperature dif-
ference also implies an increase of the heat transfer area (length) as the
heat flux drastically drops when the two stream’s temperature approach
each other. A minimum heat must be supplied to tune the inlet condi-
tions to the detectors to low vapor quality to prevent from poor heat
transfers (subcooled state). The minimum heat is obtained by bypassing
part of the cold liquid to the mixing point upstream the capillary section.
Therefore, by designing the line such as to potentially subcooled all
liquid flow there will always be enough capacity (heat transfer area)
under any operating conditions. Geometrical parameters of the detector
loop are described in Table 1.

The semi-passive loop designed was simulated in Dymola environ-
ment to reach an overview of temperature, pressure and vapor mass
fraction distribution as well as to verify the effectiveness of capillary
pressure drops during possible unbalance of heating power in the
different lines. The total ejector pressure lift estimated as sum of the
pressure drops in the different components was around 3.2 bar. Fig. 6
shows pressure-temperature-quality profiles under the same setpoint in
the detector (—70 °C) but under different heating powers (a-c,
respectively).

The liquid temperature first decreases to approximately the same
temperature at the outlet of the return line before being mixed at the
capillary entrance. Across the capillary the main drop in pressure occurs,
allowing low vapor quality flow (nearly saturated) to enter the evapo-
rator. During nominal conditions where the three evaporators experi-
ence the same heat input (150 W), the vapor quality increases linearly
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bars) but for different inner diameters.

up to 35 % due to the constant heat flux. Later the two-phase flow is
further vaporized in the concentric line where initially the vapor quality
has a slow increase. This zone corresponds to the area where the pinch
point is registered.

The pressure drops across the unpowered line (in the capillary) is
only slightly bigger than in the powered line (Fig. 6(c)). Predominant
pressure drops in liquid state and the homogeneity of the two-phase flow
at high working pressures help reducing the imbalance caused by fluc-
tuating heating powers. At the manifold level, the powered line will
almost receive the nominal flow as the difference compared to the
unpowered line lies around 3 %. Due to the reference temperature of
—70 °C and the constant pressure lift strategy, the liquid content in-
creases as it progressively gets colder in the detector, regardless of the
cooling power.

5.2. Transient performance of the cycle in various operational scenarios

The full-scale system was analyzed under the following dynamic
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scenarios, which are:

e A setpoint change starting from the highest allowed evaporating
temperature (—70 °C) down to the lower limit (—80 °C).

e Arbitrary evaporating temperature (i.e. —70 °C) with an unbalance
on the heating powers in the three different cooling lines.

Considering the different controllers implemented and inter-
connected, a preliminary study on expected fluid behavior in the de-
tector loop (5.1) and required ejector working conditions (mainly in
terms of pressure) need to be estimated to properly initialize the simu-
lation model.

5.2.1. Floating setpoint

The first case concerns the variability of the working temperatures at
the detectors: in any operating conditions it is essential to ensure an
appropriate quantity of liquid such as to avoid the risk of dry-out and
rapid thermal excursion. As the liquid content increases at the suction
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nozzle port, the expansion work recovered per unit of flow increases due
to the easier pre-compression of liquid compared to vapor. Since the

Table 1
G try of th i- ive I designed for the test unit. . . . . . .
cometry of the semi-passive 00p designed for the test und ejector is modelled with constant efficiency, the valve V.9 is used to

Concentric line d; [mm] do [mm] Thickness [mm] Length [m] consume some part of the available expansion work, which increases as

Liquid line 6 8 1 12 the receiver pressure is further reduced and pressure difference between

Two-phase line 12 16 2 12 the motive nozzle and ejector outlet increases. However, in practice a

Capillary L.01 1.59 029 0.14 deterioration in ejector efficiency may be expected due to the increase of
Test section 2 2.4 0.2 1 A . . .

the liquid content under a constant motive flow, as the increase in

density and viscosity leads to higher frictional losses and reduce the
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combined effects might require a different modulation of the pressure
lift, or in case of a consistent drop of the ejector efficiency, a modulation
of the nozzle throat area.

The gradual transition from the highest to the lowest setpoint is
shown in Fig. 7. As the receiver pressure setpoint is lowered (b), the
outlet temperature and vapor content in the detector decrease (c). Under
constant motive pressure, larger expansion and warmer gas conditions,
the ejector tends to boost the entrainment potential which is diminished
using valve V.9 (d).

An assessment of the thermal load distribution relative to the heat
load imposed on the detectors is shown in Table 2. Optimizing the
compressor capacity would help in reducing the power consumption and
the mass flow bypassed to the suction line through the bypass valve
(CGBV). However, to allow the proposed cycle regulation, the
compressor must remain oversized with respect to the ejector capacity.

5.2.2. Unbalanced thermal load on the detector

In this section, the stability of the system to sudden load changes is
addressed. The same control logic can be applied here with the system
responding as illustrated in Fig. 8. As one of the lines receives less power
(c), vapor content at the detector outlet decreases (d). Under the same
motive conditions, this corresponds to an increase in the entrained flow
by the ejector (a), requiring valve V.9 to start closing (b). A slightly
colder setpoint in the detector is reached due to the fixed fluid resistance
in the loop. An additional advantage of operating at high reduced
pressure is the limited change in the evaporating temperature as a
function of the saturated pressure. As more lines start receiving less
power, the great amount of liquid content causes a reduction in the
opening degree of valve V.9 to maintain the total pressure drops across
the detector loop nearly constant.

Table 3 illustrates the distribution of the heat loads in the system
with different heating power in the detector, under a fixed evaporating
temperature (—70 °C). At low heat loads, a great share of the compressor
capacity is used by the ejector to produce a circulation of liquid krypton
in the detectors to maintain them and the surrounding structure ther-
mally cold, until the power from experiment is restored. This is of pri-
mary importance as a mechanical stress consequent the warming up of
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Table 2
Energy flow breakdown of the system with respect to the detector’s heat load
during floating setpoint.'!

Temperature Heat Concentric Compressor Gas Gas
setpoint [ °C] load line [ %] [ %] cooler cooler
W] n°1[ n°2 [ %]
%]
-70°C 450 19 202 189 113
-80°C 450 11 250 296 54

the support structure and the sensors could make some sections of the
detector inoperative.

6. Conclusion and future work

This work is part of a large study devoted to the development of a
new cooling technology for particle detector cooling at CERN targeting
temperatures below —50 °C. The ejector-supported cycle presented in
the previous work served as starting point to derive design guidelines of
the future full-scale system. The detectors, which represent the main
heat source of the system, was used as starting point for a stepwise
approach aimed at providing a cycle architecture that meets their strict
requirements, such as spatial and temporal temperature gradient mini-
mization, hardware compactness and remote control, essential due to
the radioactivity level near the detectors.

The semi-passive detector loop was designed taking into account
pressure losses, thermodynamic state of the fluid at the entrance of the
detectors and hydraulic balance of multiple cooling lines via passive
expansion devices. A relatively low vapor quality (35 %) at the detectors
outlets was maintained in the initial design phase of the evaporative
cooling lines. Since the power capacity per unit of flow varies at different
temperatures (—70 to —80 °C), the design mass flow at —70 °C was used
as reference to ensure spatial temperature stability at higher vapor
pressures where the latent heat is reduced. However, studies on dry-out
and boiling inception of krypton in minichannels will be required to
verify whether boiling begins at the entrance of the pipe.

Capillary-based flow distribution system helps to trigger boiling at
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Fig. 7. Results from the dynamic transition of the detector’s temperature, including mass flows (a), pressures and gas cooler outlet temperature(b), temperature and
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Table 3

Energy flow breakdown during sudden change in the detector’s heat loads.
Temperature Heat Concentric Compressor Gas Gas
setpoint [ °C] load line [ %] [ %] cooler cooler

[W] n°1[ n°2 [ %]
%]

—70°C 350 24 260 248 112
-70°C 300 28 303 292 111
-70°C 200 33 364 354 110
-70°C 60 615 1484 1514 70

the entrance of the detector and to minimize a detector loop failure.
Pressure drops introduced by the capillary are approximately four times
higher than the evaporator pressure drops. Numerical assessments
confirm that near the critical point an even flow distribution in each
detector cooling line can be achieved, maintaining the design mass flow
rate independently of the unbalance of the heat load. The pressure up-
stream of the capillary defines the heat load exchanged in the counter-
flow tube-in-tube heat exchanger, which was designed to introduce a
small offset in pressure (below 0.2 bar) in the return line to enable a
direct control of the evaporating temperature via the ejector. A total
pressure lift of the ejector equal to the overall pressure drop in the de-
tector loop, was estimated to be approximately 3.2 bar. In the optics of
simplifying the system control, a constant ejector pressure lift strategy
was adopted. However, this approach may entail potential disadvan-
tages such as a reduced heat transfer coefficient at lower evaporating
temperatures, resulting from a decreased vapor mass fraction, according
to typical flow pattern profiles in flow boiling. Within the investigated
range of the high reduced pressure in the evaporator where the overall
pressure drops might be attributed to liquid and gas phase

! The values of the energy profiles are calculated based on the assumption of
the ejector efficiency (25%), as the inlet motive pressure has a direct impact on
the compression power.
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approximately in the same proportion, the main drop in pressure
constantly occurs along the capillary line. Consequently, flow variation
does not exceed 4.3 % of the design value while operating at —80 °C.

A dynamic model was built in Dymola and supported by a control
logic to numerically assess what would be the response of the system to a
setpoint change or floating heat loads. The receiver pressure setpoint is
relevant as it is closely associated with the operating temperature in the
detectors. The heat rejection in the gas cooler section controls the
receiver pressure, acting against a sudden change in pressure in the tank
consequent to a setpoint or heat load change. Increasing the ejector
pressure lift via valve V.9 serves to modulate the flow whenever the
detector is overfed. During the gradual setpoint change towards —80 °C,
the pressure lift seen by the ejector moves from 3.2 bars to 5.9 bars in
order to reduce the excessive entrained flow, under the assumption of
constant ejector efficiency. Nevertheless, if the ejector efficiency drops,
the ejector pressure lift will be reduced so requiring a different modu-
lation of valve V.9. In the event of a significant efficiency drop that
compromises the secondary flow through the detector, modulation of
the motive pressure will be necessary to boost the pumping capacity.
Therefore, if a constant-efficiency-based-model will prove to be unsat-
isfactory, modulation of the needle will be required to supply the desired
flow conditions. In case of fluctuating heat loads from the detector
electronics, resembling the scenario of an electrical fault of the sensors,
modulation of valve V.9 will limit the thermal excursion of the evapo-
rating temperature to below 0.3 K, under the assumption of constant
ejector efficiency as described above. An assessment of the energy flow
profile, both under a setpoint change and unbalanced heat loads from
the detector electronics, shows that the energy flow introduced by the
compressor is much larger than the cooling load. This is a consequence
of: the availability of high-pressure rated reciprocating compressors in
the market with a limited swept volume, the assumed ejector efficiency
in the model, the limited cooling capacity of the refrigeration system
presented.

Future work will first focus on developing a control logic for tran-
sient operational periods of specific importance, as startup and
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cooldown, based on the cycle designed in the current work. Secondly,
heat transfer and pressure drop measurements in minichannels must be
conducted to validate and refine the numerical design tool. A test
campaign on the compressor performance must be conducted to eval-
uate the available cooling capacity relative to the demand from the
ejector, ensuring it meets the flow requirements of the detectors. Addi-
tionally, a detailed performance map of the two-phase ejector, along
with the impact of vapor inlet quality at the suction nozzle on the ejector
performance, must be thoroughly examined before launching the
experimental campaign.

Nomenclature

Symbols

d diameter (mm)

X Vapor quality (-)

T Temperature (K, °C)

Subscripts

i Inner

o Outer

ge,out Gas cooler outlet

out,1st Outlet first evaporator

out,2nd Outlet second evaporator

out,3rd Outlet third evaporator
kr Krypton

Acronyms

CGBV Cold gas bypass valve

IHX Internal heat exchanger

Ap Pressure drop (bar)
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