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The 2PACL Principle — Components and Layout

Surface and Underground layout with schematic system overview
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The 2PACL Principle — Thermodynamic Cycle

Components visualized in PH-Diagram
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Capillaries in CO2 Cooling — Why?

1. Trigger Boiling
2. Passive Flow Distribution 10 bar
3. Detector Loop Failure
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Theoretical Prediction — Principle

Prediction based on the Darcy-Weisbach equations modelled in MatLab
Ap using Darcy-Weisbach:

Differential Pressure (Ap)
Length of Tube (L)
Darcy friction factor (fp)
Density of the Fluid (p)
Fluid Velocity (W,)
f, during laminar flow: Hydraulic Diameter of the Tube (Dy)
Inner Surface Roughness (e)
64 Reynolds Number (Re)
fo =+
fy during turbulent flow: Reynolds number:

Dy,
Re = p*VI/v*T
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Theoretical Prediction — Example from Detector List

Prediction based on the Darcy-Weisbach equations modelled in MatLab

Detector Capillary Desired
System Sub-System Properties Ap Quantity

WA AN

System Component D(mm) g 0D (mm) Min length (m) Masx length (m) Min Viass flow (g/s)  Max Mass flow (g/s) Max dP (bar, (EOL) Min 4 bar) (EOL) Roughness (micron) Quantity Predicted Length (m)  Fraction of total (quantity)  Fraction of total (Length per Size) Responsible

1
3 K Evap 1
£l 8.33% Natalia Koss
a Evp21os I T~ = =T RN TN AT TN TR S R T
5 Electromagnetic
6 a1.22% Karol Rapac:
Hadronic
7
8 Layer 1 1
9 Layer 2 05 12 1 172 14 1400
10 Layer 3 05 12 1 1 154 16 1500
1 Layer 4 1 Francesce Bianchi
= Duccio Abbaneo
13
1
s
TEPS flat Layer 2 ChiMeng Les
17 = ayer Douglas Ryan Berry
18 Layer 3
20 or TEPS tilted Layer 2 Fernando Perea Albela
21 Layer 3
22 TB2S All layers 06 12 190 Antti Onnela
2 TEDD 1 06 12 090 ]
TEDD Christof Delaere
2 TEDD 2 06 12 0.90
25 100%
2
27 Capillaries Procurement Inner Diameter Outer Diameter Predicted length sares To be ordered (Spools of ~300m}
28 05 12 59.00
29 0.5| 12 1047
30 Batch#1
31
32 a9 14] 353] 23] o
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Theoretical Prediction — Example from Detector List

ID (i) n Max length (m) Max Mass flow (g/s) Max dP (bar) (EOL) Predicted Length [m)

BTL 0.6 046 267 79 B6.24

Result Theoretical Prediction:

ID: 0.6mm L:0.46m e: 0.003mm

8

=
(=]

=
=1}

[y
=Y

=
P

Super easy!
) o Right...?

[==]

@Desired Flow

Pressure Drop (bar)
(=
=
&

0.0 0.5 1.0 15 2.0 25 30 3.5 4.0
Masz= Flow Rate (g/=)
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Theoretical Prediction — Why is it still so difficult?

Capillaries are not perfect...

Date: 21/03/2019

v 3-Dimensional Interactive Display '
e@CO ’ Time: 08:30:38

um
- 58

Title: Subregion

Note: X offset:4 Y offset:126
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Theoretical Prediction — Why is it still so difficult?

Same Manufacturer!

T~

Rapport de contréle “ 2 Rapport de contréle
@ EDMS.3057136 J3091252 8 g MS.3057136 J3091252
A o I illary 1.2x0.35
Capillary 1.2x0.25 MATERIALS &2
Profil=R_1SO - Section={1] X Mag: x33.27 Z Mag: x5839.293 <Rugosité_1>
[und \ Contenu  Mesuré
Profil=R_1SO - Section=[1] X Mag: X27.846 Z Mag; x3468.843 <Rugosite_1> 8 NRygosite 2D<Rugosité 1>
[ Contenu  Mesuré ?rf%«ﬁ%swomm
Rugosité 2D<Rugosite_1> 6 Ra 2.214um
Profil=R_ISO - Section=[/ . Rq 2.760um
5 Ra 1.323um Rsk 0.385
Rg 1.683um 2 Rp 6.953um
Rsk -0.092 Rv 5.143um
0 Rp 3.556um 0 Rz 12.097um
Rv 4.376um Rt 14.972um
Rz 7.932um 2 RSm 0.1793mm
5 Rt 15.445um 4 Rpk 2.952um
i RSm4  0.1432mm Rk 1.908um
Rpk 2.573um 6 o
Rwk 3.280um 05 0.0 05 1.0 15 20 25 30 35 40 45
-10 [mi
05 1.0 15 20 25 3.0 35 4.0 45
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Theoretical Prediction — Why is it still so difficult?

CT Scan on capillaries... BIGGER Inner Diameters
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Theoretical Prediction — Why is it still so difficult?

Overview of Results — Tolerance between +0.01mm and +0.03 mm

Results

Below are the results of the internal and external diameters/radiuses.

1.2x0.2
|Exten'ﬂr |Diameter 1.194

[Exterior |Diameter 1.194 0.8mm
|Exten'ﬂr |Diameter 1.194

Iinterior  |Diameter 0.824)W. th. 0.185
Iinterior  |Diameter 0.824)W. th. 0.185
Interior  |Diameter | 0224w, th. 0.185
1.2x0.35

|E:ten'ﬂr |Diarneter 1.184)

|E:ten'ﬂr |Diarneter 1.184) 0.5mm
|E:ten'ﬂr |Diarneter 1.184)

Iinterior  |Diameter 0.536{W. th. 0.324
Interior [Diameter 0.534)W. th. 0.325
Iinterior |Diameter |  0.532W. th. 0.326

29 May 2024

1.2x0.3

Exterior |Diameter 1.188]

Exterior |Diameter 1.188] 0.6mm
Exterior |Diameter 1.188]

Interior |Diameter 0.624\\W. th. 0.282
Interior |Di.=_|meter 0.624\W. th. 0.282
Interior |Diameter 0.624\W. th. 0.282

1.2x0.25
|E:-:terinr |Diameter 1.194]

[Exterior |Diameter 1.194 0.7mm
|E:-:terinr |Diameter 1.194]

[interior |Diameter 0.718jW. th. 0.238
linterior |Diameter 0.718/W. th. 0.238
linterior  [Diameter 0.718)W. th. 0.238
1.4x0.25

|E:-:teriur |Diameter 1.385

|E:-:teriur |Diameter 1.385 0.9mm
|E:-:teriur |Diameter 1.385

linterior |Diameter 0.916{W. th. 0.235
linterior |Diameter 0.916/W. th. 0.235
linterior  |Diameter 0.9160W. th. 0.235
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Theoretical Prediction — Why is it still difficult?

How strong is a 0.05mm ID tolerance influencing the pressure drop?

ID: 0.6mm L:0.46m e: 0.003mm

25
E
= o
a 20
e
a . ®dP 0.6
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o
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Theoretical Prediction — Why is it still difficult?

How strong is a 0.05mm ID tolerance influencing the pressure drop?

I
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. . - = 2,500
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a big difference for 5 I
pressure drop Ty E 1s00 I
|
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Theoretical Prediction — Why is it still difficult?

Coiling increases pressure drop.
Also, coiling is subjective... see below:

ccﬁw 29 May 2024 Derek Jan Langedijk | Capillary Flow Distribution 15



Theoretical Prediction — Testing each capillary!

Conclusion: Testing is a necessity; theory does not give sufficient accuracy.
Capillaries are not consistent:

1. Uncertainties with roughness

2. Uncertainties with inner diameter

3. Uncertainties with coiling

Solution: Build a test factory that can test all capillaries!
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Capillary Open System — Principle

“2 Identical Setups for ATLAS and CMS” T T T

Capillaries
[ J Ap Sensor ,&%q |_L — 0o ] HXI030 EHIO40 |‘|\ r%so_@ @

[ WVin50

* Shut-off valves i, | J .
 Flow measurement and regulation e
» Bottle supply [ ot

[

; e -
» Safety Burst Discs it
SC1000 - CO2 Cylinder w/ plunger tube;
WG1000 - Weight scale; @ @
RD1010 and RO1050 - Schlesinger V(R rupture disks; LIJ LIJ
SV1010 - Parker or Swagelok pressure relief valve; EHI080 1 P g Vent to phere

HX1010 and HX1030 - Swagelok custom made 55 concentric tube heat exchanger;
FT1030 - Rheonik coriolis mass flow meter;
CV1040, CV1020 and CVI0T0 - CAREL electronic expansion valves: L.J

EH1040 - Watlow/Swagelok cartridge heater;

FL1050 - Swagelok filter;

NV1D50 - Swagelok or Selfa non-return valve

TS10L0 and TS1080 - Farnell thermal switch;

TT1040 and TT1080- Thermocouple K;

TT1050, TT1060 and TT1090 - Electronicsensor de/Swagelok inflow PT10E;
PT1050, PT1060 and PT10%0 - GE or Keller pressure transducers;

DP1050 - Enderss+Hauser differencial pressure sensordbransmitter;

PVIDS2 te PV1058 and PVI09D - Swagelok pneumatically eperated shut-off valve,

e \Warm Nose Heater ( ATLAS Onl y) CVIED - Drachan reumarcaly perared b passureFegtaor

(000
Q00
)

WO DU PROUT: TTRE OU FoUO:
Open System P&ID
DESSATIR: R Jommmon: 227042007
CERN - European Organisation VERIFIGATELIR: Lukssy ZTwolivali, Bart Verisst Inourumu = 03/2 2020
for Nuclear Research
. - e ~ Echelle MM O FICHIER; Opan System for Copilory Test DG (NUMERD EDMS: FoLio:
Geneva, Switzerland Nom: | Index: Modification: Date: E o o P AL T 1 DE 1
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Pressure (bar)

Capillary Open System — Principle

L

,Syslem q

Liquid

Pooling Down

N

o000 &
0000
0000 s
0000 i

1
i
I

HX1010 HX1030

4® !

T
FTI030 Cviodo

ADI0I0 4
%cvmzn

[

SC1000
WG1000

SC1000 - €02 Cylinder w/ plunger tube;

WG1000 - Weight scale;

RD1010 and RD1050 - Schlesinger V(R rupture disks;

SV1010 - Parker or Swagelok pressure relief valve;

HX1010 and HX1030 - Swagelok custom made SS concentric tube heat exchanger;
FT1030 - Rheonik cariolis mass flow meter;

V1040, (V1020 and (V1070 - CAREL electronic expansion valves;

EH1040 - Watlow/Swagelok carfridge heater;

FL10S0 - Swagelok filter;

NV1050 - Swagelok or Selfa non-return valve

TS1040 and TS1080 - Farnell thermal switch;

TT1040 and TT1080- Thermocouple K;

TT1050, TT1060 and TT1090 - Electronicsensor.de/Swagelok inflow PT100;
PT1050, PT1060 and PT1090 - GE or Keller pressure transducers;

DP1050 - Enderss+Hauser differencial pressure sensor&transmitter;

PY1052 to PV1058 and PY1090 - Swagelok pneumatically operated shut-off valve:
EH1080 - Watlow or Radiospares immersion heater;

CV1080 - Drucken pneumatically operated back pressure regulator.

Vent to atmosphere

000

NOM DU PROJET:

[rRe ou Fouo:

Open System P&ID

250. 300. CERN oo tore | SFAION___25/08 /2017

CERN - European VERPCKTEUR: . kasz Zuotki, 8ot Venioat MOOIFCATON - 03/12/2021

for Nuclear Research Echelle NOM DU FICHIER: Open Systern for Capillary Test.DWG [NUMERD EDMS: FOLIO:

Geneva, Switzerland Nom: | Index: Modification: Dote: v e e T | 1 DE 1
Enthalpy (kJ/kg)

P&ID COS — Joao Noite, ATLAS Collaboration

29 May 2024 Derek Jan Langedijk | Capillary Flow Distribution




Capillary Open System — Mechanical Design

Original Design Final Design
Liam Cooper Martin Machac & Derek Jan Langedijk
Science & Technology Facilities Council, United Kingdom CERN
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Capillary Open System — Mechanical Design

Capillaries ﬁ

Bottle Connection\

— T

Capillary shut off valves

Heat exchangers —

Exhaust system (water tank) — >
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Capillary Open System — Constructed @ CERN

sioning with ATLAS Setup
October 2023
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Making a Capillary — Electronic Discharge Machining

I

I

Spools with different ID’s Cut from Spool Flattened ends... Remove ends with Result
Over 2km (1.25mi) total using pliers because of pliers EDM Wire Cutting
(right side)
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Measurement — Example in Practise

Connector used in the Capillary
Open System does not affect
the capillary in any way:

No deformation

Design by Fernando Albela Perea No welding/brazing

4 Installed
capillaries
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Measurement — SCADA Data Acquisition

Capillary Open System Overview

Operation and Data Acquisition through fer0

Important: Always ensure stable
conditions on inlet and outlet of the

capillary.

After which, data is recorded for 5
minutes and averaged.

»>= 450C) AND NOT
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Measurement — Example in Practise

ID: 0.6mm L: 0.46m e: 0.003mm

16

o s -,
e
.
v

e,

12

First measurements
compared to theory from  ° e -

. i -
earlier:
6 i

@ Capillary 4

Drop (bar)

..
,
o

Mass Flow Rate (g/s)
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Measurement — Example in Practise

ID: 0.6mm L: 0.46m e: 0.003mm

16

o s -,
e
.
v

e,

12

First measurements
compared to theory from  ° e -

. i -
earlier:
6 i

@ Capillary 4

Drop (bar)

..
,
o

Mass Flow Rate (g/s)

29 May 2024 Derek Jan Langedijk | Capillary Flow Distribution




Measurement — Consistency in larger batches

A batch of 8 capillaries, what consistency are we measuring?

ID: 0.624mm  Length: 0.46m  Roughness: 0.003mm

20
18

15

12

Calculation based on
measurements at Micro-lab.

Prassure Drop (bar)

0.0 0.5 1.0 L5 2.0 25 3.0 a5

Mass Flow Rate (g£s)
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Measurement — Example in Practise

Performance of the Theoretical prediction when compared to measured data

ID: 0.624mm  Length: 0.46m  Roughness: 0.003mm

® Capillary #1

Result: +-5% 2 . o opitay 12
Still acceptable for flow S 10 -3 o Capitary 42
distribution inside the detector - . B
| & Capillary 6
8 ® Capillary 7
& Capillary #8
G
1.5 1.7 19 21 2.3 2.5 27 23 3.1 3.3 3.3

Mass Flow Rate (g/s)
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Capillary Tested — Now what?

Capillary is done, and ready for installation in the detector system:
- Vacuum Brazing of end connections

- Installation and routing into the detector

Future:
We are currently waiting for the detector teams to give us the final pressure drops of the evaporators, after this we

can size the capillaries accordingly...
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The End

Thank you for your attention

Thank you to all the contributors of the project:

Derek Jan LANGEDIK(), Joao NOITE@), Liam COOPER(), Leonid HLUSHENKO(), Szymon
MLECZKO(@), Karol GORNY(, Martin MACHAC{), Szymon GALUSZKA(?), Aleksandra ONUFRENA?),
Michal ZIMNY(@), Loic DAVOINE®), Lukasz ZWALINSKI®@), Jerome DAGUIN®@), Bart VERLAAT)

(a) CERN, Geneva, 1211, Switzerland, derek.jan.langedijk@cern.ch
(b) STFC, Polaris House, North Star Avenue, Swindon, SN2 1SZ, United Kingdom
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