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Abstract

This paper presents a set of dynamic simulations performed on the future High Luminosity Large
Hadron Collider (HL-LHC) cryogenic system. The objectives of these simulations are to provide main
pressure, temperature and flow transients over the cryogenic distribution system around the collision
points 1 and 5 during the forecast beam operation. These simulations have to be used to help the
different cryogenic system specifications where strong dynamic heat loads will induce significant
transient modes. This dynamic model embeds the 1.9 K cooling loops (inner triplets, D1-D2 magnets
and crab cavities), the beam screen cooling loops between 60 K and 80 K or between 4.5 K and 20 K
and the cryogenic distribution line. As result, a series of recommendations is given to mitigate
sufficiently the transients such as the use of significant preloading of magnets in association with feed-
forward controls.

This is an internal CERN publication and does not necessarily reflect the views of the CERN management.



1 Introduction

CERN (European Organization for Nuclear Research) is currently preparing the High-Luminosity Large
Hadron Collider (HL-LHC), a major upgrade of the LHC particle accelerator in order to increase the
luminosity by a factor 5 to 7 [I] with respect to the designed luminosity of the LHC de ned asLg =
1 10*cm? s . To achieve this result, about 150m of the accelerator will be entirely changed on
each side of the two collision points holding ATLAS and CMS experiments (point 1 and point 5). The
HL-LHC should enter in operation in 2027, after about 3 years of installation. On each side of the
collision points 1 and 5, new devices will require new cryogenic cooling capacity:

Q1-Q2-Q3 (inner triplet) . superconducting quadrupoles based oMNbszSn conductors to focus
the beams before collisions.

CP : corrector package composed by several multipole magnets based bibT i conductors to correct
orbits and imperfections.

D1: superconducting separation dipole based omNbTi conductors to separate the beams after
collisions.

D2: superconducting recombination dipole based orNbTi conductors to recombine the beams
before collisions.

Crabl/Crab2 : special superconducting RF cavities (crab cavities) used to tilt/untilt by 45 the
particle bunches before/after the collisions in order to maximize the cross section of the colliding
bunches. There are two cryomodules per beam holding each two cavities.

DFX/DFM/DFH . distribution feed boxes to supply the superconducting circuits through HTS
current leads (cold powering).

The HL-LHC cryogenic system has to face signi cant dynamic heat loads, representing about 60 %
of the total heat loads whereas they represent only 25 % in the LHC today. Two new large cryoplants
with their dedicated distribution system will be consequently constructed around point 1 and point 5 to
handle these new heat loadd [3], representing a total of about 1BW equivalent refrigeration power at
4:;5K, including 3 kW at 1:8 K in order to operate the HL-LHC at a peak luminosity of L =7:5 L.

In this paper, several dynamic simulations on the future HL-LHC cryogenic system are presented.
These simulations are performed by a 0-D or 1-D object oriented modeling approach in order to simulate
the evolution of the pressures, temperatures and mass ows over time in the cryogenic system as function
of the di erent actuator positions and the applied heat loads. Note that the main control loops are also
embedded in the model to run it in close loop. The HL-LHC cryogenic system is currently under the
speci cation phase and the objectives of these simulations are to:

Validate the choice of the cryogenic distribution line (QXL) header sizes by validating the pressure
dynamics during the transients.

Validate the choice of the sensors and actuators to perform an adequate control during the tran-
sients.

Validate the choice of the regulation techniques for Inner triplet cold mass and beam screens during
the transients.

Help in the speci cation of the future cryogenic refrigerators to ensure a proper management during
transients without over-sizing the components and so the cost.

The main transients to be considered during the HL-LHC beam operation are thebeam injection,
the current ramp-up and ramp-down, the beam collisions and the beam dump The cool-down and
the warm-up phases are studied under a di erent approach with quasi-static calculations at di erent
temperature ranges. The modeling and simulation softwareEcosimPro has been selected to perform
these dynamic simulations, continuing the previous simulation e orts performed at CERN. All the basic
cryogenic components (valves, heat exchangers, pipes, etc.) are modeled with the standard cryogenic
library CRYOLIB [6] whereas some new models have been developed during this work for the specic
HL-LHC devices such as the inner triplet magnets with their beam screens.

First, a section introduces the overall modeling of HL-LHC cryogenics, including the speci ¢ modeling
for the Inner triplet cooling loops with their beam screens. Then, a section is describing the di erent



control loops introduced in the models to operate the cryogenic system and nally the di erent simulation
results are presented for di erent scenarios during the forecast beam operation. A conclusion summarizes
the main results to validate and help the HL-LHC cryogenic speci cation.

2 Modeling of HL-LHC cryogenics

The scope of the model is covering the following items on each side of the collision point 1 or 5, see
Figure [J where an overview of the model is represented:

The cold mass cooling loops at B K for the inner triplet (Q1-Q2A, Q2B-Q3, CP-D1)

The cold mass cooling loops at ® K for the D2 magnet and the crab-cavities (D2, Crabl, Crab?2).
The beam screen cooling loop between 60 and 80K for the inner triplet (BS).

The beam screen cooling loops between%K and 20K for the D2 and the crab-cavities (BS).
The interconnection box (QUIG).

The cryogenic distribution line (QXL) composed by di erent sections: Shaft, Common, Short,
Long, Long Straight Sections (LSS).

The return modules (RM) and the junction modules (JM).
An equivalent model of the 45K refrigerator (QSRG).
An equivalent model of the cold-compressor box (QURCG).
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QUIG QURCG
(interco box) (Cold Compressors)
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Figure 1: HL-LHC cryogenic model overview

Each of these items is described in the following subsections. Note that The Distribution Feed Boxes,
the thermal shields and the warm recovery lines are not modeled as these cooling loops have very low
dynamic heat loads and do not play a signi cant role during the transients. All variables and subscripts
used in equations are referenced in Tabl€s 1 arid 2.

2.1 Inner triplet magnet cooling loop

Inner triplets are cooled using the two baths technique: the superconducting coils are immersed in a
pressurized super uid helium static bath where two bayonet heat exchangers are inserted to extract the
heat via a saturated helium ow inside as represented in Figure{]Z an@]& sekl[2] for more details. Note
that the inner triplet quadrupoles (Q1-Q2-Q3), the separation dipole (D1) and the corrector package
(CP) are sharing the same super uid helium bath, cooled by three parallel cooling loops (Q1+Q2A,
Q2B+Q3, CP+D1). Each cooling loop embeds a sub-cooled heat exchanger, a Joule-Thomson valve and
a double bayonet heat exchangers passing through two magnets, see the EcosimPro schematic in Figure
3.



Table 1: Equation variables

Variable Description Unit
Cp Heat Capacity [0 kg * K 1]
h Enthalpy [J kg 1]
he Heat transfer coe cient [W m 2 K 1]
k Conductivity [W m?t K 1]
K Conductivity integral [W m 1]
m Mass ow [kg s 1]
M Mass kgl
P Pressure par]
aq Rate of heat ow [W]
T Temperature K]
u Internal energy P kg 4
S Surface m?]
\% Volume [m3]
Density [kg m 2]
Table 2: Equation subscripts
Subscript Description
abs Absorber
bath Pressurized Helium bath
beam Beam induced heat loads
bhx Bayonet heat exchanger
bs Beam Screen
cond Conduction
conv Convection
ext External
He Helium ow
inter Interconnection
mag Magnet cold mass
sat Saturated helium ow
sec Secondaries induced heat loads
tube cooling tubes

2.1.1 Magnet thermo-hydraulic model

There is currently no satisfactory model in the CRYOLIB library of EcosimPro to model correctly such
ew model is presented here in order to handle the main temperature
magnet is modeled by a 0-D component containing four isothermal

a magnet cooling system. Thus, a n
transients of such a magnet. Each
systems as depicted in Figuré J4:

The saturated helium ow
The bayonet heat exchanger

The pressurized super uid he

bayonet and with the magnet.

The magnet cold mass
external heat loads are deposi

The saturated helium ow in bayonet heat exchanger is modeled as a uniform mixture using a mass
balance and an energetic balance represented respectively in Eq{] Q) ar@ (2) where the state variables

in the bayonet heat exchanger.

: one cylindrical pipe containing the saturated helium ow inside.

lium static bath

: one mass of metal exchanging heat with the static helium bath. The

ted on this mass.

are the helium density and the internal energy u.

. one static bath of super uid helium with
a constant volume and pressurized just above atmospheric pressure. It exchanges heat with the



Bladder Key
space

Bayonet heat
~exchanger

Aluminium
shell

Stainless NbsSn coils

steel vessel

Figure 2: Inner triplet magnet (Q1-Q2-Q3) cross section
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Figure 3: One inner triplet cold mass cooling loop schematic under EcosimPro

d
dstat Vsat = Min  Mout (1)
du d
sat diat Tu dstat = Min hin Moyt hhout + Gbhx  sat (2)

The heat transferred between the magnet cold mass, the static pressurized helium bath, the bayonet
heat exchanger and the saturated helium ow are computed respectively using Eqs|:[3)[[4) an([[5) where
the heat transfer coe cient h is computed with the Kapitza resistance at the interface between the metal
and super uid helium according to Eq. @ Note that the Kapitza coe cient was assumed similar than
for the LHC magnets and it is then assumed constant at 1100/:m 2:K 4, see[[8]. Nevertheless, this
value has a low e ect on simulation results (no signi cant di erences when varying between 500 and

1500).
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Table 3: Main IT magnet model constants

Constant Description Q1-Q2A Q2B-Q3 CP-D1

Aw Wet area of the bayonet (%) 30 30 30

Dint Bayonet in. diam. (mm) 68 68 51

Dout Bayonet ext. diam. (mm) 74 74 57
Bayonet rug. (mm) 0.02 0.02 0.02

L Cooling loop length(m) 22 22 16
M Cold mass kg) 7000 7000 3500

n Bayonet number 2 2 2

Smag Magnet surface m?) 8 8 5.5
Sinter Interco. surf. (m?) 0.015 0.015 0.01
\% Helium volume (m?®) 0.54 0.56 0.41

Xinter Eq. interco. length (m) 15 2.4 3.0
K Kapitza coe . (W:m 2:K %) 1100 1100 1100

The wet area of the bayonet heat exchangerA,, is also assumed constant to remove one degree
of freedom in equations bringing signi cant numerical instabilities. In practice, this value is naturally
evolving with the applied heat load and with the T between the saturated helium ow and the static
helium bath but this value should remains around 30 % during normal operation.

Opag bath = Nc Smag (Tmag  Thath) ©))
Gath bhx = Nc Sphx  (Tbath  Tohx) (4)
G sat = Ne Aw (Tonx  Tsat) (5)
he= x T3 (6)



Then, three energy balances are performed on the magnet cold mass, on the static helium bath and
on the bayonet heat exchanger, see respectively Eqs[](7)[](8) andl|(9). Moreover, the heat transfers
between these loops must be taken into account as the three loops are sharing the same cryostat with
the same super uid helium bath having a very high conductivity. Consequently, the heat transferred
between two adjacent loop is computed as represented in the EqO) where 1(T;P) is the thermal
conductivity function for super uid helium given by [7]! Siner and Xiner are the equivalent surface
and length of interconnections between each cooling loop.

dT,
Mmag  CPmag Crlr;ag =  Opag bath T Oext (7)
dT
Muye Cpre % = N Ohe bhx T Gmag He t Gond (8)
dT
Mphx  CPbhx % = CHe bhx 9)
S
_ s e 1T Thath
Geond = Sinter f YT;P) — (10)
Xinter

2.1.2 Model validation with the existing LHC Inner Triplets

In order to validate this model, the input data were adapted for an existing LHC inner triplet cooling
loop (NbTi conductor, 53 meters long, one single bayonet) and a dynamic simulation was performed
during a LHC Il with a peak luminosity L =2:1L,, see Figurd b where the heat loads, the mass ow,
the temperature and the valve position are represented. We can appreciate the correct behavior of the
model, satisfactory to simulate the main transients for the future HL-LHC triplets, assuming that the
equations used here are similar foNbTi magnets andNb3zSn magnets. Note that a test bench called
String 3 is under construction at CERN and will allow to validate more precisely this model in the
coming years.
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Figure 5: Dynamic simulation of the LHC inner triplet during a peak luminosity of 2 :1 Lo, compared to
real measurements in May 2018



2.2 Inner triplet beam screens cooling loop

HL-LHC beam screens for inner triplets are 60m long and are cooled by conduction using four parallel
stainless steel cooling pipes supplied by helium at about 68 and 18bar. Due to the very high secon-
daries heat loads coming from the collision debris, absorber blocks made of a tungsten alloy (Inerniej
are attached on the beam screens to intercept these heat loads and to protect the9lK cold masses[9],
see Figure|]5. Each beam screen cooling loop embeds an electrical heater (EH) at the inlet, a control
valve (CV) at the outlet and four parallel cooling tubes attached on the beam screen, see the EcosimPro
schematic in Figure[7.

Figure 6: HL-LHC octagonal beam screen inserted in the bean pipe with the four cooling pipes and
tungsten alloy blocks around
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Figure 7: Inner triplet beam screen model schematic under EcosimPro

2.2.1 Beam screen thermo-hydraulic model

There is no on the shelf model in the CRYOLIB library to model such a beam screen and a new dynamic
model is then presented here. The model of the beam screen cooling loop is using four interconnected
1-D models exchanging heat between them, see Figufé 8 where a model principle is represented. All
constants are represented in Tabl¢ 4.

For the 1-D helium ow model, a mass and an energy balances are performed in each nodaccording
to Egs. ) and ) where the state variables are the helium density and internal energy u.

d

ot V= Min Mou (11)
du d
at + U ot = miy hi Mout  Nout + Geonv (12)

Then, energy balances are used on cooling tubes, beam screens and absorbers as depicted in Eqgs.
@3, @4, to compute their respective temperaturesTupe, Ths and Taps in €ach node. Note that
Oheam and Gsec are boundary conditions representing respectively the beam induced heat loads on the
beam screens and the secondaries heat loads on the absorbers.



Figure 8: Beam screen model principle

dT,
Iv'tube Cptube (;L;be = Geonv + Geond  abs + Gcond  bs (13)
dT,
Mpbs Cpos Fbs = Gbeam  Gcond bs (14)
dT.
Mabs CPabs —abs — Gsec Gond  abs (15)

dt

The convection heat transfer between helium ow and cooling tube is using Eq. [(16) and the con-
duction heat transfers between the cooling tubes and the beam screen and absorbers are respectively
computed according to Egs. ) and ) where the integral conductivity of the material is computed as
de ned in Eq. (@ where k(T) is heat conductivity of the considered material as function of temperature.

Gonv = Ne¢ Swbe (Twbe T) (16)

Gcond bs = Sbs (Kbs  Kiube) (17)

Geond abs = Sabs (Kabs  Kiube) (18)
Z,

Ky=  k(T) dT (19)

0

2.2.2 Model validation in CryolLab

This model has been validated against a measurement campaign performed at the CERN cryolab using
a prototype of 80 cm of the D1 beam screen[13]. Figurg]9 shows the beam screen absorber temperature
evolution during an heat load step up and down of 19/=m at 50 K and 80K . The transient responses
are very similar, validating the dynamic behavior of this model.



Table 4: IT beam screen model constant

Constant Description Q1 Q2-Q3-CP-D1
Din Cooling tube in. diam. (mm) 8 8
Dout Cooling tube out. diam. (mm) 10 10

L Cooling loop length (m) 10 50
M ps Speci ¢ BS mass (kg/m) 1.32 1.32
M abs Speci ¢ Absorber mass (kg/m) 51 22.2

N Node number 5 10

n Cooling tube number 4 4
Shs Cond. shape factor for BS (m) 22.5 22,5
Sabs Cond. shape factor for ABS (m) 0.026 0.026

Cooling tube rug. (mm) 0.008 0.008

Absorber base temperature=50K Absorber base temperature=80K
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Figure 9: Simulations and measurements for the beam screen absorber temperature during a step re-
sponse of 18/=m at 50 K and 80K

2.3 Recombination dipole and crab cavities

Recombination dipole (D2) and crab-cavities cooling loops (cold masses and beam screens) are modeled
using standard CRYOLIB components. The cold mass cooling loop consists in a phase separator where
the helium level is maintained at a constant value. A sub-cooled heat exchanger ensure a proper helium
supply temperature and the heat loads are directly applied on the liquid helium bath. Beam screens are
modeled using a 1-D pipe from CRYOLIB where a linear heat load is applied along the line. The model

is directly derived from the LHC beam screen model described iri[5].

2.4  Cryogenic Distribution Line

The cryogenic distribution line (QXL) is modeled using 0-D pipes. Note that the QXL line B in the
Inner-Triplet area is decomposed in three pipes in order to obtain a realistic pressure drop along the
LSS section where the mass ow varies signi cantly along the line due to each magnet interconnection.
The QXL contains ve cryogenic headers: a supply line for supercritical helium (line C), a return line

at atmospheric pressure (line D), a pumping line at about 16mbar for 1:9 K cooling loops (line B)
and supply/return lines for thermal shields and beam screens circuits between 68 and 80K (Lines E
and F). Tables@ and@ summarize the di erent model inputs according to the last QXL sizing proposal.
Pressure drops are computed as function of roughness and number of elbows in each line where one
additional elbow for 2 bellows with sleeves was considered.



Table 5: QXL section lengths
QXL sections Length (m) 90deg elbows (-) Elevation di erence (m)

Shaft 100 2 -100
Common 63 9 0
Short 56 11 -10
Long 260 17 -10
LSS-RM side 60 4 -0.75
LSS-JM side 90 2 -1.12

Table 6: QXL header diameters

QXL header DN Rugosity (mm)

Line B-Common/Short/Long 250 0.05
Line B-LSS 200 0.05

Line C 50 0.05

Line D-Common/Short/Long 125 0.05
Line D-LSS 200 0.05

Line E 40 0.05

Line F 50 0.05

2.5 Return and junction modules

Return and junction modules (RM, JM) are modeled re-using the CRYOLIB valve, pipe and phase
separator models.

2.6 Equivalent 4.5 K refrigerator

As the objective is to study the main pressure dynamics over the cryogenic distribution system, the 5 K
refrigerator can be simpli ed using constant temperature at boundaries but considering the equivalent
helium volumes and masses to reproduce correctly the pressure dynamics. Consequently, the compression
station is modeled using only one equivalent screw compressor with the typical charge/discharge/bypass
valves interconnected on HP and LP equivalent volumes. Then, the cold-box embeds equivalent volumes
and makes use of constant temperatures at boundaries. The Joule-Thomson valve and the phase separator
with a capacity of 3000 liters embedding a sub-cooling heat exchanger inside the bath to produce the
supercritical helium are modeled at the end as this is a key parameter to introduce the bu ering e ects

on the overall cryogenic system. Note that the line C temperature supply is then assumed constant at
4:75K.

2.7 Cold compressor box

Cold compressors are high speed hydrodynamic machines used to pump saturated helium ows down
to 16 mbar, corresponding to a saturation temperature of 18 K. Cold-compressors are compressing
the helium to about 300 mbar and 20K where it is then warm-up to ambient temperature using heat
exchangers in order to re-compress the helium to:2 bar towards the 4:5 K refrigerator using conventional
volumetric screw compressors.

As the modeling of this machinery is a delicate task and as the cold-compressor pressure elds with
their associated control plays a key role in the transients, the existing model of the LHC B K refriger-
ation unit was re-used for the HL-LHC cryogenic simulations. Nevertheless, HL-LHC cold compressors
should be able to handle more mass ow than for LHC (keeping the same pressure ratio) and the
cold-compressor model has been consequently scaled-up to be able to handle a maximum mass ow of
160g=swith an inlet cold-compressor temperature regulated at 4K , representing a total cooling capacity
of 3kW @ 2K . Consequently, each cold-compressor pressure eld was scaled-up by 15 % for reduced
speeds between 0.9 and 1.2, see gufe]10 where the cold-compressors pressure elds are represented.
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Figure 10: Cold compressor pressure eld modi cations. Blue lines are original iso-speed lines and red
lines are the ones corrected for HL-LHC simulations

3 Control loops

In order to achieve realistic dynamic simulations, it is important to include properly the main regulation
loops in the models driving the main transients.

3.1 Refrigerator control loops

In the 4:5 K refrigerator, only the pressures and the phase separator level transients want to be assessed.
For this reason, only four regulation loops have been implemented:

The HP control loop using a split range control on the charge and discharge valves in the compres-
sion station.

The LP control loop using the compression station by pass valve.
The supercritical helium pressure control loop using the JT valve before the phase separator.
The phase separator level control loop using the phase separator electrical heater.

The 1:8 K refrigerator embeds the last version of the existing Air-Liquide LHC cold compressor units
as described in[[1I1]. The inlet cold-compressors temperature is regulated atk in normal operation for
a suction pressure regulated at 15nbar.

3.2 Inner Triplet control loops

HL-LHC IT regulation loops were adapted from the current LHC experience [10]. The main di erence
between LHC and HL-LHC is the presence of three parallel JT valves used to maintain the common bath
temperature instead of a single one. When the super uid state is reached below.27 K , the longitudinal
temperature gradient over the super uid bath is the same order of magnitude than the temperature
sensor errors (around 1ImK ). Consequently, the use of three parallel independent control loops could
end with a strong disequilibrium between valve positions and instabilities, forcing signi cant conduction
heat transfers between the three cooling loops. To avoid this e ect and to allow a good division of the
cooling power over the three cooling loops, a single PID controller (TC910) is used.

Figure[1]] gives a general overview of the control loop architecture for HL-LHC: The PID feedback loop
(T Co1p0) controls the warmest magnet of the super uid bath at 0:1 K above the saturation temperature
with the three JT valves in parallel where the functions SR, are setup to distribute the cooling power
on each cooling loop according to thea-priori heat load distribution, see Figure[12. Then, three parallel
ow controllers ( XF Cg;0) allow to limit the mass ow in each cooling loop and the controller F CRatioSP
limits the total ow in cold compressors (160 g=9. Finally, three feed-forward actions FF are setup
on the magnet heaters EH gyx) based on the real-time luminosity measurement: heat loadddL x are
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proportional to the luminosity L and they are removed from the preload valued L of electrical heaters
when collisions occur.
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Figure 11: Inner Triplet control principle
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Figure 12: JT valve positions as function of PID output

3.3 Beam screen control loops

HL-LHC BS regulation loops were adapted from the current LHC BS experiencel[[10] embedding two
classical PID feedback loops to control the beam screen inlet temperature at 7R and outlet temperature

at 75 K using respectively the electrical heater and the control valve. In addition to this, two parallel feed-
Forward actions based on the beam parameters and on the luminosity are setup on the electrical heater
and on the valve. The beam screens are preloaded with the electrical heater which is then ramped-down
progressively during the beam injection and with the luminosity. Once the electrical heater is completely
o0, the feed-forward action continues on the valve opening to anticipate the coming heat loads, see Figure

13.
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Figure 13: Beam Screen control principle
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3.4 Return and Junction modules

Return and junction modules play a signi cant role during the transient in order to compensate any lack

of mass ow in the cold-compressors. In order to ensure a safe operation of cold-compressors and a per-
manent thermalisation of the line B (pumping line), a minimum mass ow is mandatory. Consequently,
some heating power is applied in the return and junction module phase separators connected to the Line
B. A minimum value of 50 W is applied on each RM and a PID controller is setup on each electrical
heater to maintain a cold compressor mass ow always above 6@=s In case of important mass ow

in the cold-compressors (above 10@=9, the power in each RM is automatically reduced to 25W to

recover a bit of mass ow.

4 Simulation results during beam operation

4.1 Boundary conditions
The di erent heat loads applied on the di erent cooling loops are setup as boundary conditions in the

models. The following heat loads have been de ned:

Stat : Static heat loads.

Resistive : Resistive heating on each superconducting magnet due to splice resistances.

Beam : Beam induced heat loads embedding synchrotron radiation, image current and e-cloud.

Magnetization : Magnetization losses due to Foucault currents on each Inner Triplet during the

magnet ramp-up and ramp-down.

Collisions : Secondaries heat loads due to collision debris on each IT and beam screen cooling

loop.
RF : Radio-Frequency induced heat loads on crab-cavities (Foucault currents over the surfaces).

Then, each heat load is scaled according to a particular shape as de ned in the gure 14 with a peak
value based on the estimated loads de ned in[]12] for a luminosity. = 7:5 L. The di erent heat load

contributions are summarized in tables[T and’8.
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I s o
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1
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0.251 '.'
1

0.00 f-——— .
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—— Resistive/RF
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12

Figure 14: Normalized heat load pro les applied as boundary conditions

14



Table 7: HL-LHC heat loads on 19 K cooling loops forL =7:5Lg

Q1+Q2A Q2B+Q3 CP+D1

Interco D2 CcC Total(W)

L (m) 19.9 19.9 19.9 6.93 13.0 2 units -
T (K) 1.9 1.9 1.9 1.9 1.9 2.0 -
Static(W) 33.8 33.8 27.2 1.8 7.8 6.7 111.0
Resistive(W) 10.6 10.6 24.2 0.0 0.4 0.0 45.8
Beam(W) 4.7 5.5 10.0 154 11.5 0.0 38.2
Collisions(W) 3225 405 199.5 315 54.0 0.0 10125
RF(W) 0.0 0.0 0.0 0.0 0.0 93.3 93.3
Total(W) 371.6 454.9 251.9 48.7 73.7 100.0 1300.9
Magnetization(W) 85.4 85.4 0.0 0.0 0.0 0.0 170.8
Table 8: HL-LHC heat loads on beam screens foL =7:5L¢
Q1+Q2A Q2B+Q3 CP+D1 Interco D2 CC  Total IT(W)
L (m) 19.9 19.9 19.9 6.93 13.0 2 units 60.2
T (K) 60-80 60-80 60-80 60-80 4.5-20 4.5-20 60-80
Static(W) 2.8 2.8 2.8 0.0 0.0 0.0 8.4
Beam(W) 89.9 105.4 18.6 293.4 219.3 0.0 507.3
Collisions(W) 357.0 270.0 177.0 108.0 3.3 0.1 912.0
Total(W) 449.7 378.2 198.4 401.4 222.6 0.1 1427.6

4.2 Operational constraints

As any cryogenic system operating on superconducting devices, there are several constraints that must
be always respected to operate safely the machine. These constraints are either coming from physical
limits, either from machine capacities. Here are the di erent constraints taken into account in this study:

The Inner Triplet helium bath

The Inner Triplet mass ow

must remain super uid to keep a high conductivity. The maxi-
mum authorised IT temperature to operate the HL-LHC is setup as 215K (same than LHC).

must remain below 25g=sin the Q1Q2A/Q2BQ3 loops and below
15g=sin the CPD1 loop to limit the helium speed and the heat exchanged in the bayonets.

The crab-cavities must remain below 20 K to operate correctly.

The cold compressor mass ow

could evolve in future).

The cold compressor acceleration mass ow

must remain below 160g=s(designed value xed in this study,

should remain as low as possible, preferably

below 5 g=s=min, or eventually at a maximum of 10 g=s=min during a short period. There is
currently no clear data on this constraint but it is clearly a limiting factor to manage the transient.

Inner Triplet beam screens must remain between 60K and 80K .

Crab cavities/D2 beam screens must remain between 45 K and 20K but they can rise up to
30K for a limited duration (max 30 min).

4.3 Simulation results without Feed-Forward

First, a typical beam and collision sequence for HL-LHC has been simulated without considering any
feed-forward control action. Simulations are performed for a peak luminosity of 8o (nominal case) and
7:5 L (ultimate case) where the peak luminosity is instantaneously reached.
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Return module heaters are in this case controlled by PID controllers in order to ensure a minimum
mass ow of 70 g=sin the cold compressors (inducing about 350N of preloading per RM) and beam
screens valves are open at a minimum position to ensure a heater preloading of about 400 per side.
These simulations represent theideal case where all equipment are perfectly working and where all
regulation loops have been correctly tuned. Main results are displayed in guref 15, 16, 17 arid[18 where
the most important values for the cold compressors box, the inner triplets, the D2, the crab cavities and
the di erent beam screens are represented. Note that more details are given in the gures 19, PO afd 21
for the 7.5L¢ Il

It can be noticed that all requirements are ful lled but the the temperature margin observed in the
Inner Triplet cold mass and beam screen are very small (about 2enK of margin in cold mass and 2K
beam screens). Moreover, some excursions outside of the cold compressor pressure elds are observed
with very strong dynamics at the beam dump that would probably induce a cold compressor trip on the
real machines.
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Figure 15: Cold compressor box simulation results during beam operation at. =5 Lo and 7:5Lg
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Figure 17: D2 and crab cavities simulation results during beam operation al. =5 Lo and 7:5L¢
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Figure 18: Beam screens simulation results during beam operation dt =5 Lo and 7:5L
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Figure 19: Cold compressor simulation details during beam operation at b Lg
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Heat transfer Magnet->Bath delta T Tsat/Magnet
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Figure 20: Inner Triplet simulation details during beam operation at 7:5L¢
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Figure 21: Line B pressure pro le during beam operation at steady-state (t= 3 hr) for L =7:5L¢

4.4 Simulation results with Feed-Forward

The same simulations as the previous section have been performed but considering now Feed-Forward
actions on Inner Triplet heaters and beam screen actuators as described in sectiph 3. Main results are
displayed in gures[22,[23, 24 and 25 where the most important values for the cold compressors box, the
inner triplets, the D2, the crab cavities and the di erent beam screens are represented. Note that more
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details are given in the gures 26, 27 and 28 for the B Lo Il

In this set of simulations, we can appreciate the bene ts of the feed-forward actions, especially on Inner
Triplets where the temperature margins are now much more comfortable (70nK in cold masses and K
in beam screens). In addition to this, the cold compressors remain in their pressure elds and dynamics at
the beam dump have been drastically reduced and seem now compatible with hydrodynamic machinery.
These simulations are clearly indicating that e cient feed-forward actions based on luminosity and beam

parameters are mandatory to operate HL-LHC comfortably in
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a safe manner.
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Figure 22: Cold compressor box simulation results during
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Figure 24: D2 and crab cavities simulation results during beam operation al. =5 Lo and 7:5L¢
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Figure 25: Beam screens simulation results during beam operation dt =5 Lo and 7:5L
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Figure 26: Cold compressor simulation details during beam operation at B Lo
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Heat transfer Magnet->Bath delta T Tsat/Magnet
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Figure 27: Inner Triplet simulation details during beam operation at 7:5L¢
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Figure 28: Line B pressure pro le during beam operation at steady-state (t= 3 hr) for L =7:5L¢

4.5 Parameter study on luminosity shape and heater preloading at 7.5 LO
Due to the fast luminosity transients, two main mitigation solutions have been considered:

1. Preloading the coldmasses and the beam screens using heating systems associated to a feed-forward
action based on the real-time luminosity. Preloading with 40 %, 50 % and 70 % of the collision
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induced heat loads have been considered. Note that below 40 %, the mass ow in cold compressor
is too low and the system cannot work.

2. Ramping progressively the luminosity to the peak value in 20 minutes or 30 minutes as shown in
the gure 29.
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Figure 29: Di erent normalized collision induced heat load pro les for transient mitigation

Figures 30 and 31 are comparing the di erent simulation results for di erent values of luminosity
ramping and preloading. A summary with peak values is also presented in the gure 32 where four
key values are represented as function of these two considered mitigation techniques to appreciate their
impact:

1. The line B pressure peak that must remains below 30mbar to guaranty that the crab-cavities
remain below 2K .

2. The inner triplet peak temperature that must remain below 2:17 K in order to maintain the helium
super uid state in the bath.

3. The cold-compressor mass ow acceleration peak. This is an important number for the cold-
compressor dynamics where it seems not realistic to manage more than 0s Y:min 1.

4. The cold-compressor mass ow peak. This is an important indication about the margin to the
maximum cold-compressor capacity. This number should remain below 16@:s *.

We can notice that to remain inside the correct operation ranges, a preloading of 50 % is satisfactory
and the luminosity ramping could allows us to remain in more comfortable ranges, especially for the cold
compressor mass ow acceleration.
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Figure 30: Simulation comparison for di erent luminosity ramping speed (with 50% of preload)
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