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The supercritical condition

Temperature of interest for room temperature

* At subcritical: discontinuities detector cooling (+31 to +45 °C)

Tm = Pseudo-critical temperature
|

* Above critical value: change is continuous ™
* T<Tc liquid-like fluid 00
* T>Tc vapor-like fluid

* Critical point of carbon dioxide:
74 bar, 31 °C
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CO: project

Low radiation
Ambient temperature

— Detector environment

Provide precision measurements of thermal-
fluidic properties of sCO2 in the range of
temperatures of interest for possible ultra-light «— Aj
future detectors operating in environments
with low radiation levels.

m

High radiation
Significantly cold temperature

Design a completely new cycle and provide a
precise strategy to move from the warm to the
cold area without any thermal shocks on the
detector

CO2 «— Fluid —> Kr

20 March 2024
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The pressure-enthalpy diagram on 2 ; | \
the right shows the thermodynamic | P\
cycle described in the P&ID ) ‘ /> Grtica Point "
| |
- , N\
L K %
o ey o

300 350

Specific Enthalpy [kJ/kg]

400

450

3

Test section

@

_____ an i
E NE EH101 3
o FL10Tb
D101 Fill, drain and
%2 vacuum line cuiot "1"-'1':5\XE|
1
\1og/

5 (=1)
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The accumulator concept

Until now, CO2 two-phase cooling at CERN has been based on a two-phase accumulator where the
temperature of the refrigerant can be controlled by means of the pressure — two phase equilibrium.

Above the two-phase equilibrium region this is not an option.

A new concept for an accumulator needs to be conceived — pressure and temperature are
independent variables.

The accumulator is the center of the process,
its main tasks are:

- Giving pressure to the fluid
- Fluid storage
- Attenuate oscillations

Working principle
N: I

Gas side (top, green) is filled with Nitrogen gas.
Carbon dioxide, at the bottom side in red, will
be pressurized by adding or removing gas
charge.

CO, Choice of accumulator type based on fluid and
system requirements

Piston: presence of oil

Bladder: bladder is generally made of
rydbber, there can be leakage of N2 to CO2
side

Diaphragm: diaphragm generally made of
rubber

Bellow: best choice!

cal refrigerants for detector applications 6
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Pressure p / bar
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80
70
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30

20 March 2024

Operating conditions

In dark blue the operating conditions of the
accumulator.

Up, down, horizontal
1-3
In red the range covered by the pre-heater

In yellow, area tested in the test section 500-1200

In green, area covered by heat exchanger Enough to cover yellow

LRl A R R Rl AR ol\s\ TIT R RY. A NLV AL
| IR
HiR )
/V//
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Vi Vi

100 200 300 400 500 100 200 300
Specific Enthalpy h / kJ/kg Specific Enthalpy h / kJ/kg
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Status of test rig

IS

gl
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Testing plan

Task Timeline
Finishing construction and Data Acquisition System April-June 2024
Commissioning June 2024
Start of experimental campaign Summer 2024
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A| DA Krypton project

INNOVaAd
Low radiation Detector environment High radiation
Ambient temperature Significantly cold temperature

Provide precision measurements of thermal-

fluidic properties of sCO2 in the range of
temperatures of interest for possible ultra-light «— Aim
future detectors operating in environments
with low radiation levels. detector

Design a completely new cycle and provide a
precise strategy to move from the warm to the
cold area without any thermal shocks on the

CO2 «— Fluid —> Kr
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A recap from last year’s

meeting

Description of target and framework:
Design of the new cooling system for the Phase Il Upgrade of the Large Hadron-
Collider in the range -60 down to -80°C

LEGEND:

Krypton cycle (High-pressure side)

2" Gas cooler

Krypton cooling based on an
ejector-supported system

Krypton cycle {intermediate pressure)

Bypass IHX

1" Gas cooler

R744 primary chiller
R744

Krypton detector loop (Low-pressure side)

Discharge Motive

Partial bypass Liquid
. Non liquid line feceiver IHX (subcooler
Aims: A accessible &__ Suction % superheater)
arca X

) Turbocompressors

1) Design a completely new cycle and provide a

—_

concentric line) X Valve for ejector

performanee control

Inlet manifold

area

precise strategy to move from the warm to the col v
area without any thermal shocks on the detector PT T ey % pypass ‘ keypton
2) Test of fluid performance (HTC — Ap) and fluid ~ | { enchdetecton e A superertical

scaling with ScCO, (PhD Camila Pedano) Detector
- ﬂ Intrinsic of detector cooling Accessible

l:l Outlet (Similar to 2PACL)

manifold

v

< <

Hostile
environment

From last year: (Inaccessible)
Dynamic modelling of the cycle (almost completed) & test-rig building finished

Development of the control strategies to handle different transients

Accessible environment

al refrigerants for detector applications 12
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Al

: System’s transients
INNOovVa

. : | co,
* Challenges with Krypton cooling: P | - N
mp can start ~—
Eafely \ h
Subcooling‘
S P ZIGARIRN
150 o i § \ / /N \\\\ .
140 | $ 12 ¢ Vi | - N :
| IIE Li}ye/fant{on/fﬁlliﬁclei,[‘)y / | "l "‘, h \
130 | | 50 /plr.':Shlil.ailul + ’;I |‘I T '.‘I )
| i / SV |‘ L \\
120 l{l‘. “ 77 T T T \
110 I Il ‘I" 3 / / / -"‘I‘ | ‘I‘I \\
|1 ‘I‘. “ = S:i:;iﬁc Enlhalw[ka’iﬂg] 400 450
100 " ‘.‘ —o— Starting Point (Standstill = f(charge))
—_ L
8 % lt‘ *- Starting temperature (20 degC) in
% 80 ‘\‘ gas/supercritical phase
u \
s
60
50 /
40 T Four different scenarios to be investigated:
30 /
20 ,/ > Startup (A)
o v » Supercritical cooldown (B)
25 50

» Supercritical operation (C)
Specific Enthalpy [kJ/kg] > Transcritical operation (D)
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System’s transients

Global description of an ejector

e Ejector (“pump without moving parts”) takes over the
2PACL pump

Two parameters are normally used to measure two
separate effects:

1) Mass entrainment ratio
msecondary
¢m -

mprimary
2) Pressure lift
Plift = Poutiet — Pseconda

-
o

_____________________ = M,
94 — m
o
w7
£
24- [~ I X
S LA ey M L
5] Ejector suction flow ‘E—’ ‘:5:
. . . 1 , | 5 ¢
Ejector working principle o e 0 w 4

Specific enthalpy [kJ kg™
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Ejector as flow regulator

8 B\ %,
[a) \;‘.“4 “\
65 1o
I \ Gas cooler outlet
\ | '« Pumping loop coupled with a vapor
o5 compression cycle
_ 13 oiigee ansion
5 z <\ * Compressor provides necessary
N .« . .
£ N driving flow to the ejector
e 45 - N
o \/ P / l‘ \ \
1 ] 0 compressor
\ j \\ . . .
Pump ) [;c I { v *  Pumping capacity ejector:
k/ ~De 1o l‘
35 SCtop " /
‘ - i S —" s s s R W B O Adjustable via change motive
MiXing secondary (detector) M )
‘ flow & primary O Linked with design detector
2 ‘. loop
25 50 75 100 125

Specific Enthalpy [kJ/kg]
== 2PACL layout

=# = Ejector pumping cycle
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rent status test-rig

Electric cabinets

Compressor loop
TRl -

Gas coolers

Ejector =l

‘:.. z - z j |
Capillary é’

Concentric line

Tank Compressor
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Al namic model as virtual test
innova bench for control strategies

 Dynamic model in Modelica provides good insights on cycle behavior
e Startup and cooldown concept tested during commissioning phase

LEGEND:
Active lines

Non-active lines

Gas cooler Ejector Gas cooler

Mass exchange with bladder Ejector

)\:ompressor ) Compressor

: e
%
Capillary I
Detector thermally . —
safe from cycle Phase | : Ejector motivelf'ully.closed Phase Il : Ejector slowly opens >
dynamic . — compressor stabilization . entrainment effect ‘
I 1
Startup
20 March 2024 itical refrigerants for detector applications 17




Preliminary test with CO,:
ﬁnlnq\ﬁ startup (Phase |)

Mass flows during startup: Phase |
T T T

2
18+ ] !
161 i 60 - l, - ]
14 \4 I
. I~ 7 , .
= Change due to increase pressure s / Suctlon compressor |1
E 12 £l 'l - - — Discharge compressor
ER ratio and suction density = ) Tank
= 550 ' 1
3 Compressor § ’
o Testsection | | & ' HP boosted via CGBV (valve
06 - -- - -Fjector motive| | 450 y - > g
X downstream 15t G()
04 r . g — — -
Ejector OFF
021 Pl . 40 i
o ‘ ‘ ‘
09:40:00 09:45:00 09:50:00 09:55:00 10:00:00 35 I I \ T
2185 Inlet temperature test sections during startup: Phase | 09:40:00 09:45:00 09:50:00 09:55:00 10:00:00
: ‘ ' ' Time [hh-mm-ss]
218 b
Peak when
. B 4
compressor is on 2175 Low pressure decreases due to
s ] mass movement towards HP side
E 21.65 _
i@l \ T . I d .
2 2o el emperature remains nearly constant during
K —TT9 the stabilization of the compressor
21551 ——TT10| ]
215 b
2145 i
214 : L L
09:40:00 09:45:00 09:50:00 09:55:00 10:00:00

Time [hh-mm-ss]
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Temperature detector loop: Phase Il

221

Temperature [°C]
>

R e .-

Cold expans
decreases t3

Tank 7
Inlet manifold
— = -TT8 b
— = -TT9
— =-TT10 R

8
09:50:00

22

10:00:00 10:10:00 10:20:00

2151

21t

2051

20

Temperature [°C]

18,5

Flow regulation effect on inlet temperature: Phase Il
—TT.8
—TT9 |
—TT10

«—— FEffect clg

/’

10:30:00 10:40:00

P cooling rate

Temperature
nearly stable

ion motive flow
nk temperature

V.9 & V.10 acts

as double flow

protection

sing V.10

Mass flows ejector: Phase Il

1.8
16 Motive
Entrained flow
14k N Flow compressor
L - Flow bypassed
121
— il
£ :
E 1} i
2 v
208 H
S Ejector opens
086
04
02 o
0 s s . s
09:50:00 10:00:00 10:10:00 10:20:00 10:30:00 10:40:00
14 Flow regulation detector loop: Phase Il 3
Motive ejector
1oL Entrained flow
Pressure drop detector loop 25

-
T

V.10 opening

Closing V.9

e

18
09:45:00  10:00:00 10:15:00
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L Il
10:30:00  10:45:00
Time [hh-mm-ss]

11:00:00  11:15:00

ovxmn]
¢ e

(=3
(o2
T

L

(s}

Fl

o
IS
T

02+ | —

r..-g

0 . 0
09:45:00 10:00:00 10:15:00 10:30:00 10:45:00 11:00:00  11:15:00
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Al

inno

A

eliminary test with CO,:

Cooldown

Controlled cooldown

/
50 ~ T - 18 4 T T T T 0.45
= More cooling . ¥
\ ———- V.10 closing
45 N . 10.4
P 1 —
- - O 35+
40+ 2 10.35
/ ‘3& . 416 2 fren
O 35l Suction compressor § g | 103 =
iy - —Qutlet 1st Gas cooler z Q 9 £
S |V.10closestospeed ™, /.. . Tank g 9 >
230} : {45 = S |
839 up the cooling - - -TT8 R 0.25 H
Q. c 3
7] L 9
§ 251 g g2 V.9 Ap {02 &
= 1148 &
o Wkt :
20 e Test section4 — DP tank-capillary 10.15
143 ® 2r Ap v - - - DP tank-out test section
15N e T e e Total DP 10.1
Suction
: ‘ ‘ 12 1.5 ' : : ' 0.05
15:45:00 16:00:00 16:15:00 15:00:00 15:15:00 15:30:00 15:45:00 16:00:00 16:15:00

10
15:00:00 15:15:V 15:30:00

Time [hh-mm-ss]

Expansion motive
decreases temperature in
the tank

Time [hh-mm-ss]

Tank T {, with some
time delay = f(inertia)

Temperature decreases by = 4 K in 30 mins = cooling speed under control, can be

increased/decreased according to ejector capacity — OD valve — Cooling power 1%t gas cooler
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A' Testing plan

Planning the experimental test to prove the cooling concept

Task Purpose Timeline

Testing components functionality and

Commissioning of the system with CO, interlocks of the system

Done

Warm gas phase, focusing on startup and
thermal stability at the test section level
Preliminary tests with CO, in gas phase (detectors). Due to limited size of the Done
system no possible to test safely two-phase
without external bladder

Tests to evaluate compressor performance

Start testing with krypton at NTNU (critical) before moving the rig to CERN

End of April — May 2024

Real tests considering the ideal layout
involving a cold primary chiller with CO,
and a bladder tank to sustain system’s
pressure during cooldown

Test with krypton at CERN Under discussion
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