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Outline

Improved cryogenic
Beam screen

Cryogenics refrigerator for the
cooling
for the FCC beam screen and

requirements thermal shield cooling
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Cryogenics for superconductivity

Critical parameters for the superconducting state: current density, magnetic flux

— Cryogenics is required
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Courtesy: D. Larbalestier et al., "High-Tc Superconducting Materials for Electric
Power Applications," Nature 141, 368 (2001).
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FCC background

Center-of-mass energy, GeV

]-(]5 E_ - hadron Py F(.‘(.‘—ll].l E
- |*hardon concepts BV~ ' !
L | & lcpton IIE-T_.II(‘ |
104 | |* lepton concepts LHC —TIL-1HC -
= L 7
i Tev%tron * OLIC i
10% £ SPS E
F » =
- HERA - , ]
B o RHIC ILC s .
r ﬁLEP * A(’i(\}-}(i F(( -ce B
10% | ISR aST,C | E
- . PE}B-TIZ{J{‘&La [Frist.an i
i PR Eppoan ]
10 | Doris “CES}{ > wKEKB & Super KEKB -
‘CEA «SPEAR ~ PEPIL oo o ;
- aAd&RCT  sBEPC - ]
- VEPP-2 . ~VEPP-2000 1
1 ;@ﬁ%\c DA®NE §
OB E
E\Ad E
- ~VEP-1 1

y—1 1 | | ] | | ] | | |

1071960 1970 1980 1990 2000 2010 2020 2030 2040 2050 2060 2070

TECHNISCHE
UNIVERSITAT EASITrain

DRESDEN

Year

E,uture
“iCircular . o
- Collider

100

Centre-of-mass energy, 14 100
TeV

Circumference, km 27 100
Equivalent cooling 140kw ~1 MW
power @ 4.5 K

Input power for 40 MW ~200 MW
cryogenics

F. Lebrun, L. Tavian
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Beam screen cooling requirements

Accelerator tunnel Magnet cross-section Beam screen

o —

Helium 40-57 K

e P506 Stainless
o - steel

Sawtooth
surface
finishing

OFE Copper

Pumping
holes

LASE / carbon
coating

Helium 57-61.9 K Helium 1.9 K

(thermal shielding) (magnets cooling)

Courtesy: I. Bellafont et al. Summary of modelling studies on

Courtesy: CERN the beam induced vacuum effects in the FCC-hh. 2019.
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Beam screen cooling requirements
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— Energetically cheaper to extract energy at higher

but the heat load to the magnets increases with Tt

Temperature, K

temperature level,
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Courtesy: L.Tavian

— 40-60 K is an optimum for the FCC beam screen

incl. restrictions
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Beam screen cooling requirements

Cryogenic system layout
of FCC-hh

= Quench
buffer
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FCC cryogenics: 10 cryogenic plants within 100 km FCC-hh cryogenic facilties layout Nelium cycle

Cooling power per plant:

K
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I Cavern [::] Ei' E
Project objective: improvement of the Turbo-Brayton cryogenic I e ™70 I O
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Working fluids

— Neon-helium mixture (Nelium) is used to balance between good heat transfer properties and the number of

the turbocompressor stages

— Equations of state of the neon-helium mixture: model of J. Tkaczuk et al. (2020) Equations of State for the

Thermodynamic Properties of Binary Mixtures for Helium-4, Neon and Argon

@ 300 K, 1 bar (W/m-K)

NEON HELIUM HYDROGEN
Molar mass (g/mol) 20,179 4,003 2,016
Critical T/ P (K / bar) 44,5/ 26,8 52/23 33,1/13,0
Triple point T/ P (K / bar) 246/043  2,17/0,05* | 13,8/0,07
Density @ 300 K, 1 bar (kg/m?3) 0,808 0,160 0,081
ety
Thermal conductivity 0,048 0,156 0,187

iR .
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Courtesy: J. Tkaczuk et al.
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Cryogenic cycle design

Simple reverse Brayton cycle

Heat exchanger Aftercooler

Courtesy: MAN
— Standard for helium refrigerators
Low initial cost
. Low efficiency (nT~0.5...0.55)
Oil removal system (pressure losses)
= B . I Oil-free turbocompressor
=] L T \\\ ™ . ‘
Courtesy: Linde Engineering \ . _. ‘ Sy
~~~~~~~~~ - \\\I-
Turbo-expander Heat :T B W\
= P exchanger | i =
: - : //,/ ) i 1 -jfant __" . - =
| o @40-60 K Courtesy: MAN
—%5 1 High efficiency: (ns~0.75...0.9)
- | 8 High reliability
Efficient part-load control
asar- High initial cost
Courtesy: SKF High number of compressor stages for light gases
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Cryogenic cycle design: limitations

1. Turbo-compressor design

Number of required compressor casings
depending on the helium content

Maximum pressure ratio of 1 compressor stage (M. Podeur, University of Stuttgart; MAN)
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— For the compressor design refer to the talk
— Required pressure ratio ~ 6-7 of M. Podeur (University of Stuttgart)

— One tandem compressor (with 2 casings) is economically feasible
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Cryogenic cycle design: limitations

2. System size and gas mass

Relative heat exchanger sizes
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Helium content (vol.) Coldbox of the 4.5 LHC refrigerator
Courtesy: CERN
Relative gas mass compared to a pure helium cycle
(excluding the buffer) — Different cycle architectures were compared:

“ 10 - to reduce the cycle pressure ratio

© ==Total

£ 5 —Neon - to keep the coldbox size feasible

1)

o0 0 ———= —— Helium . . . . o

g - toincrease the helium content for higher efficiency
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= Helium content (vol.) — Python library developed for cycle simulation (,CryoSolver”)
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Cryogenic cycle design: proposed architecture

Flow diagram of the Nelium Turbo-Brayton cycle
Specification of designed system:

— Reverse Turbo-Brayton cycle

BC
— Neon-helium mixture (Nelium) as a working fluid instead of a |
conventional helium cycle with LN, pre-cooling |
. . | 300 K
— Multi-stage turbocompressor (n.~0.75...0.9) instead of a screw | He_in
| IHX1 ]
compressor (n;~0.5...0.55) and without oil removing | | !
| |
_ | | |
— Turbine power recovery | @ | X2 |
Casing 2 Casing 1 | 60 K
| l IHX3 | BS_in
/%“.7 | LHX |
He_out | BS_out
. Y 40K ¥ 40K
Turbocompressor developed at University of Stuttgart (M. Podeur) and at MAN =38 % of Carnot efficiency with 10.3 MW
: 0 ,
Courtesy: MAN Energy Solutions power (instead of 30 % for the helium cycle)
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Part-load operation

Part-load strategy: variation of rotational speed & removing the gas (buffer)

— Turbocompressor control - best efficiency line operation (¢,,=const) of the
1st casing

Estimated buffer volume: 15.6 m3, dead mass: 64 kg (~11 % of the total mass)
— acceptable
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— Reduction of the massflow
through the pre-cooling turbine
compared to the designed
massflow helps to stay on the best
efficiency line of the casing 2

Compressor map based on data of MAN, M. Podeur
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Cooldown operation

Possibility of the refrigerator usage for the initial magnet cooldown
from 300 to 40 K was studied

— turbines power availability checked from the preliminary design

— cycle operation in parallel turbine switch mode evaluated
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Cooldown operation

Co-simulation of the refrigerator operation at maximum turbine power and the magnet half-cell cooling
realised in Python

— Cooldown from 300 to 40 K can be done within 15 days (ideal value, but fitting the requirements)
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Conclusion

Work done:

- Analysis of different cryogenic system architectires for the FCC BS & TS cooling at 40-60 K
- Improved design of the Nelium Turbo-Brayton cryogenic refrigerator for the FCC

- Efficient part-load operation with the turndown ratio of 3.5 is expected

- Cooldown of accelerator magnets down to 40 K is possible within the required time

Additionally studied:
- Natural neon-helium mixture production from the air (Ne:He ~ 3:1)

- Downscaling possibilities for industrial HTS applications .
&P PP PhD Thesis in

progress...
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Thank you

for your attention...
&
for the amazing 3 year-long
journey with
EASITrain!
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