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Pixel outer endcap specification

e Detector working temperature: -35 C

e PP1 temperature: -40 C
e Total pressure drop: 10 bar

e Layer 2, 3 and 4 with increasing thermal load,

and progressive larger CO, flow

Manifold Exhaust lines

Modules on
half-ring
supports

Inlet line distributing the CO2
to the capillaries

Layer Evaporator on Power/evap. Flow/evaporator Total flow
each layer [W] [g/s] [g/s]
4 9 304 3.04 30.4
3 8 257 2.57 23.1
2 11 187 1.87 224

e Capillary with ID 0.6 mm
e Exhaust line have different ID
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Measurements at BabyDEMO Many thanks to Joao Noite

for his support!
e June and July 2022, full Layer 4 mockup
o many different test conditions: Collecting the presentations
. , , on EDMS:
m capillaries with different ID AT2-IP-EN-0046
m flow: nominal 30 g/s, scan from 10 g/s to 40 g/s
m T setpoint: nominal -40 C, -35C,-20C,0C
m thermal load: nominal 300 W/evaporator, no power, nominal +20% (400W/evaporator)
o links to previous presentation: design - preliminary results - ITk week presentation - dry-out study
e November 2023, one loop mockup for Layer 2 and Layer 3
o many different test conditions:
m T setpoint: nominal -40 C,-20C,0C, +15C
m flow, Layer 2: nominal 1.8 g/s, 1.4 g/s, 2.2 g/s; Layer 3: nominal 2.6 g/s, 2 g/s, 3 g/s
m thermal load, Layer 2: nominal 187 W, no power, nominal +20% (224 W);
Layer 3: nominal 257 W, no power, nominal +20% (308 W)
o link to preliminary study with TRACI - BD summary at ITk cooling meeting
e Presenting just a selection of the results at nominal working conditions



https://indico.cern.ch/event/1115179/contributions/4685897/attachments/2374441/4055899/Lidia_ITkPixelEndcapMechanics_20220118.pdf
https://indico.cern.ch/event/1183475/contributions/4971859/attachments/2482049/4261090/BD2D-Report_19072022.pdf
https://indico.cern.ch/event/1179940/contributions/5030850/attachments/2508358/4310881/PixelL4prototype_ITKweekTalk.pdf
https://indico.cern.ch/event/1214272/contributions/5107717/attachments/2534696/4361996/SCarra_L4atBD_AdditionalStudies_25102022.pdf
https://indico.cern.ch/event/1310585/contributions/5513454/attachments/2692727/4673006/SCarra_ITkCoolingMeeting_31July2023.pdf
https://indico.cern.ch/event/1371201/contributions/5765780/attachments/2784955/4859084/SCarra_ITkPixelOE_ITkcoolingMeeting_22012024_UPDATED.pdf
https://edms.cern.ch/ui/#!master/navigator/document?D:101389743:101389743:subDocs

Setup for Layer 4

e Full Layer 4, flat mockup

e Exhaust line pipe with ID 4.55 mm
(4 mm in final detector) due to
availability at the time

e Capillary with ID 0.6 mm, sizing done
at BabyDEMO (90 cm gives 9.33 bar)

Capillaries
\ Inlet
D Inflow temperature
- and pressure sensors
§ ° External temperature
g HR5 HR9 sensors
Q.
S ® DeltaBar
>
L
F Outlet

| 4
Manifold



Result for Layer 4 [1]

Data at nominal conditions: 300 W/evaporator 400 W/evaporator
e total flow is 30 g/s AP [bar] AP [bar]
e PP1T-40C Capillary [HR9] 9.33 9.31
e reporting AP both at

nominal power and Evaporator [HR1] 0.81 1.04
o
power +20% Evaporator [HR5] 0.82 1.04
Evaporator [HR9] 0.85 1.12
Length of exhaust lines in the Exh. line + manifold [HR1] 0.49 0.50
Layer 4 prototype: . .
: + : :
e L HR1=236cm Exh. line + manifold [HR5] 0.40 0.37
* Loy HRS=147cm Exh. line + manifold [HR9] 0.41 0.36

e L HR9=35cm

Capillary to be size to reach 10 bar total AP



Result for Layer 4 [2]

Pressure drop in evaporators (left) and exhaust lines + manifold (right) for decreasing CO,, flow.
Total flow range from 30 g/s (nominal) to 10 g/s, PP1 T -40 C and 300 W/evaporator
Dry-out condition for flow below 15 g/s

dP vs CO2 flow - Layer 4 evaporators dP vs CO2 flow - Layer 4 exhaust + manifold
@ dPevapHR1[bar] @ dPevapHR5[bar] @ dPevap HR9 [bar] @ dPexhHR1l[bar] @ dPexhHRS5[bar] @ dPexhHR9 [bar]

1.000 0.450

0.800 0.400
T 0600 T 0350
a a
© ©

® D o—
0.400 0.300 '____/h_/—_—_.
0.200 0.250
10 15 20 25 30 10 15 20 25 30

Total flow [g/s] Total flow [g/s]



Setup for Layer 2 and Layer 3

e One loop only, same set up Layer 2 and Layer 3 but different evaporator and capillary length
e All pipe ID as foreseen in the final detector design

D.C. <10V,~70A

! capillary

—

Evaporator

Exhaust pipe
Under investigation

Exhaust pipes e Inflow EPSAS pressure transmitters, +32 mbar
Under investigation:
ID3mm/OD4mm 0 Inflow temperature: PT100 (4 wire) with 1.5 mm tip

@ DeltaBar ENDRES+HAUSER PMD75 +/- 500mbar
DeltaBar ENDRES+HAUSER PMD75 +/- 16bar



Results for Layer 2

Result at nominal conditions:
e flow1.8+0.1¢g/s
e CO, set point -40C
Capillary length: 55 cm

187 W/evaporator
AP [bar]
Capillary 5.62
Evaporator 0.235
Exhaust line 0.145

224 W/evaporator
AP [bar]

5.58
0.277

0.172

Capillary to be size to reach 10 bar total AP

Pressure drop as function of the flow

dP vs CO2 flow - Layer 2 evaporator
Power/evap. 187 W

0.30

0.25

dP [bar]

Flow [g/s]

dP vs CO2 flow - Layer 2 exhaust line

0.200

Power/evap. 187 W

0.175

0.150

dP [bar]

0.125

0.100
16 18 2.0 2.2
8

Flow [g/s]



Pressure drop as function of the flow

Res u ItS fo r Laye r 3 dP vs CO2 flow - Layer 3 evaporator

0.65

Power/evap. 257 W

Result at nominal conditions:

o flow2.6+0.1¢9/s

0.60

5055
e CO, set point -40C i 050
Capillary length: 29 cm 0.45
257 W/evaporator | 308 W/evaporator Elaw [ois]
AP [bar] AP [bar] dP vs CO2 flow - Layer 3 exhaust
Power/evap. 257 W
Capillary 7.14 6.89
Evaporator 0.50 0.60 B o
5
2 025
Exhaust line 0.267 0.327 S
0.20
Capillary to be size to reach 10 bar total AP -
2.00 2.25 2.50 2.75 3.00

Flow [g/s]



Conclusions

e Full Layer 4 prototype measurement at BD:
o proving the stability of the system in all working condition
o first sizing of the capillary, ID 0.6 mm chosen over ID 0.8 mm in order to provide reasonable
length for all the layers
e One loop Layer 2 and Layer 3 measurement at BD:
o detailed study of the exhaust lines, ID3mm/OD4mm proven to be suitable for both the layers
e Pressure drop:
o targetis to reach 10 bar of total pressure drop in each Layer and capillaries to be sized
accordingly
o full set of measurements, compared with FLUDY simulation, allows to estimate proper
capillary sizing for all the layers
— discussed in the next talk by Lidia Dell’Asta
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Summary of the pressure drop measurements

Pressure drop and capillary sizing will be discussed in detail in the talk by Lidia Dell’Asta

Layer 2
Layer 3

Layer 4

Layer 2
Layer 3

Layer 4

Evaporator AP [bar]

0.235
0.50
0.83

— average of three
evaporators

Evaporator AP [bar]

0.277
0.60
1.07

— average of three
evaporators

Longest exhaust line AP [bar]

0.145
0.267
0.08

— estimated from data and
simulations comparison

Longest exhaust line AP [bar]

0.172
0.327
0.12

— estimated from data and
simulations comparison

Manifold AP [bar]

0.45 — estimated
0.45 — estimated

0.45 — estimated from data
and simulations comparison

Manifold AP [bar]

0.44 — estimated
0.44 — estimated

0.44 — estimated from data
and simulations comparison
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Backup



Additional material: Layer 4 AP vs flow
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Layer 4 - AP vs flow at nom. power, T_ =-40 C

t

Compare to the slide in the main body, a point at 40 g/s from a different data taking day is also added.

dP vs CO2 flow - Layer 4 evaporators [300 W/HR]

@ dPevapHRl[bar] @ dPevapHRS5[bar] @ dPevapHR9 [bar]

1.10
0.90
g 0.70
o
el
0.50
0.30
10 20 30 40

Total flow [g/s]

dP vs CO2 flow - Layer 4 exhaust + manifold [300 W/HR]
@ dPexhHR1l[bar] @ dPexhHR5[bar] @ dPexhHR9 [bar]

0.45

S
0.40
g 035
o
el
030
0.25
10 20 30 40

Total flow [g/s]
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Layer 4 - AP vs flow at power +20%, T_, =-40C

dP vs CO2 flow - Layer 4 evaporators [400W/HR]

@ dPevapHR1[bar] @ dPevapHR5[bar] @ dP evap HRY [bar]

dP [bar]

1.30

1.10

1.00

Total flow [g/s]

Only two flow points available for this configuration.

dP vs CO2 flow - Layer 4 exhaust + manifold [400W/HR]

dP [bar]

@ dPexhHR1[bar] @ dPexhHR5[bar] @ dP exhHR9 [bar]

0.55
050 o
-
0.45
0.40
o—
0.35 —®
H
0.30
30 32 34 36 38 40

Total flow [g/s]
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Layer 4 - AP vs flow with no power, T_ =-40 C

t

Only two flow points available for this configuration.

dP vs CO2 flow - Layer 4 evaporators [no power] dP vs CO2 flow - Layer 4 exhaust + manifold [no power]
@ dPevapHR1[bar] @ dPevapHR5[bar] @ dP evap HRY [bar] @ dPexhHR1[bar] @ dPexhHR5[bar] @ dP exhHRY [bar]
0.20 0.50
0.15 0.40 . ~
E 0.10 E 0.30
g g
0.05 0.20
0.00 0.10
30 32 34 36 38 40 30 32 34 36 38 40

Total flow [g/s] Total flow [g/s]



Layer 4 - AP vs flow at nom. power, T_, =-35C

Only two flow points available for this configuration.

dP vs CO2 flow - Layer 4 exhaust + manifold [300 W/HR]

@ dPevapHR1[bar] @ dPevapHR5[bar] @ dP evap HRY [bar]

dP [bar]

0.95

0.90

0.85

0.80

0.75

0.70

30

32

34

Total flow [g/s]

36

38

40

t

dP vs CO2 flow - Layer 4 evaporators [300 W/HR]

dP [bar]

@ dPexhHR1[bar] @ dPexhHR5[bar] @ dP exhHR9 [bar]

0.45
0.40
—
—o
0.35
0.30 . ’
0.25
30 32 34 36 38 40

Total flow [g/s]
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Layer 4 - AP vs flow at power +20%, T_, =-35C

Only two flow points available for this configuration.

dP vs CO2 flow - Layer 4 evaporators [400 W/HR] dP vs CO2 flow - Layer 4 exhaust + manifold [400 W/HR]
@ dPevapHR1[bar] @ dPevapHR5[bar] @ dP evap HR9 [bar] @ dPexhHR1[bar] @ dPexhHRS5[bar] @ dPexhHRY [bar]
0.45
1.20
E
0.40
1.10
0.35
o 100 o .q
0.30 .
0.90 0.25
0.80 0.20
30 32 34 36 38 40 30 32 34 36 38

Total flow [g/s] Total flow [g/s]



Layer 4 - AP vs flow with

dP vs CO2 flow - Layer 4 evaporators [no power]

dP [bar]

0.18

0.15

0.13

0.10

0.08

0.05

@ dP evap HR1 [bar]

@ dP evap HR5 [bar]

Total flow [g/s]

@ dP evap HR9 [bar]

Only two flow points available for this configuration.

no power, T_ =-35C

t

dP vs CO2 flow - Layer 4 exhaust + manifold [no power]

@ dPexhHR1[bar] @ dPexhHR5[bar] @ dP exhHR9 [bar]

0.37
0.35
—e
H
0.33
— 9
- —
8 031
o
k=)
0.29
— o
o—
0.27
0.25
30 32 34 36 38 40

Total flow [g/s]
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Additional material: Layer 2 AP vs flow
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Layer 2 - AP vs flow at nom. power, T_. =-40 C

Same plots shown in slide 8, reporting them for easier comparison

dP vs CO2 flow - Layer 2 evaporator dP vs CO2 flow - Layer 2 exhaust line
0.200
0.30
0.175
— 025 —
g § 0.150
a8 o
© ©
0.20
0.125
0.15 0.100
1.4 1.6 1.8 2.0 2.2 14 1.6 1.8 2.0 2.2

Flow [g/s] Flow [g/s]

21



Layer 2 - AP vs flow at power +20%, T_, =-40 C

dP vs CO2 flow - Layer 2 evaporator [224 W] dP vs CO2 flow - Layer 2 exhaust line [224 W]
0.35 0.225
0.200
0.30
— — 0.175
g 0.25 g
A & 0150
0.20
0.125
0.15 0.100
14 1.6 1.8 2.0 2.2 14 1.6 1.8 2.0 2.2
Flow [g/s] Flow [g/s]
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Layer 2 - AP vs flow with no power, T_, =-40 C

t
dP vs CO2 flow - Layer 2 evaporator [0 W] dP vs CO2 flow - Layer 2 exhaust line [0 W]
0.04 0.03
0.03
0.02
g 0.02 g
o o
© ©
0.01
0.01
0.00 0.00
1.4 1.6 1.8 2.0 2.2 1.4 1.6 1.8 2.0 2.2
Flow [g/s] Flow [g/s]
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Layer 2 - AP vs flow at nom. power, T_ =-20 C

dP vs CO2 flow - Layer 2 evaporator [187 W] dP vs CO2 flow - Layer 2 exhaust line [187 W]

0.175 0.12
0.150 0.10
'%' e
8 0125 8 o008
o a
o ©
0.100 0.06
0.075 0.04
1.4 16 18 20 2.2 1.4 16 18 20 22

Flow [g/s] Flow [g/s]
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Layer 2 - AP vs flow at power +20%, T_, =-20 C

dP vs CO2 flow - Layer 2 evaporator [224 W]

dP [bar]

0.200
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0.150

0.125

0.100
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Flow [g/s]

dP vs CO2 flow - Layer 2 exhaust line [224 W]

0.150
0.125
T
o, 0.100
o
©
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Flow [g/s]
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Layer 2 - AP vs flow with no power, T_, =-20C

dP vs CO2 flow - Layer 2 evaporator [0 W]

dP [bar]

0.025

0.020

0.015

0.010

0.005

0.000
14 1.6 18 2.0 2.2

Flow [g/s]

t

dP vs CO2 flow - Layer 2 exhaust line [0 W]
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e
@
=
[a
©
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0.007
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Flow [g/s]
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Layer 2 - AP vs flow at nom. power, T_ =0 C

dP vs CO2 flow - Layer 2 evaporator [187 W]

dP [bar]

0.125

0.100

0.075

0.050

0.025
14 1.6 18 2.0 2.2

Flow [g/s]

t

dP vs CO2 flow - Layer 2 exhaust line [187 W]

0.07
0.06

0.05

dP [bar]

0.04

0.03

0.02
14 1.6 18 2.0 22

Flow [g/s]
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Layer 2 - AP vs flow at power +20%, T_.=0C

dP vs CO2 flow - Layer 2 evaporator [224 W]

dP [bar]

0.13

0.11

0.09

0.07

0.05
14 1.6 1.8 2.0 2.2

Flow [g/s]

set

dP vs CO2 flow - Layer 2 exhaust line [224 W]

0.08

0.06

dP [bar]

0.04

0.02
14 1.6 1.8 2.0 2.2

Flow [g/s]
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Layer 2 - AP vs flow with no power, T_ =0C

dP vs CO2 flow - Layer 2 evaporator [0 W]

dP [bar]

0.0125

0.0100

0.0075

0.0050

0.0025

0.0000 =
14

16

1.8

Flow [g/s]

2.0

2.2

t

dP vs CO2 flow - Layer 2 exhaust line [0 W]

0.015
0.010
="
@®
=
a1
©
0.005
0.000
14 16 18 2.0 2.2

Flow [g/s]
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Layer 2 - AP vs flow at nom. power, T_ =15C

t
dP vs CO2 flow - Layer 2 evaporator [187 W] dP vs CO2 flow - Layer 2 exhaust line [187 W]
0.07 0.035
0.06
0.030
g 0.05 g
o o
© ©
0.025
0.04
0.03 0.020
14 1.6 1.8 2.0 2.2 1.4 1.6 1.8 2.0 2.2
Flow [g/s] Flow [g/s]
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Layer 2 - AP vs flow at power +20%, T_. = 15C

dP vs CO2 flow - Layer 2 evaporator [224 W] dP vs CO2 flow - Layer 2 exhaust line [224 W]
0.08 0.045
0.040
0.06
— — 0.035
g 0.04 E,
A & 0030
0.02
0.025
0.00 0.020
1.4 1.6 1.8 2.0 2.2 1.4 1.6 1.8 2.0 2.2
Flow [g/s] Flow [g/s]
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Layer 2 - AP vs flow with no power, TSe =15C

t

Only two flow points available for this configuration.

dP vs CO2 flow - Layer 2 evaporator [0 W] dP vs CO2 flow - Layer 2 exhaust line [0 W]
0.004 0.010
0.003 0.009
g 0.002 g 0.008
o o
© ©
0.001 0.007
0.000 0.006
1.8 1.9 2.0 2.1 2.2 1.8 1.9 2.0 2.1 2.2
Flow [g/s] Flow [g/s]
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Additional material: Layer 3 AP vs flow
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Layer 3 - AP vs flow at nom. power, T_. =-40 C

Same plots shown in slide 9, reporting them for easier comparison.

dP vs CO2 flow - Layer 3 evaporator dP vs CO2 flow - Layer 3 exhaust
0.35
0.65
0.60 0.30
= 055 =
8 S oz
o o
T 050 ©
0.20
0.45
0.40 0.15
2.00 2.25 2.50 2.75 3.00 2.00 2.25 2.50 2.75 3.00
Flow [g/s] Flow [g/s]

34



Layer 3 - AP vs flow at power +20%, T_, =-40 C

dP vs CO2 flow - Layer 3 evaporator [308 W] dP vs CO2 flow - Layer 3 exhaust [308 W]
0.75 0.40
0.70
0.35
— 065 —
g § 0.30
& o060 2
0.25
0.55
0.50 0.20
2.00 2.25 2.50 2.75 3.00 2.00 2.25 2.50 2.75 3.00
Flow [g/s] Flow [g/s]
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Layer 3 - AP vs flow with no power, T_, =-40 C

t

Note that the flow scan is not available with no power in this configuration, so the pressure drop for the
2.6 £ 0.1 g/s flow are reported

Pressure drop [bar]

Capillary 7.64
Evaporator 0.101

Exhaust line 0.013
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Layer 3 - AP vs flow at nom. power, T_ =-20 C

dP vs CO2 flow - Layer 3 evaporator [257 W] dP vs CO2 flow - Layer 3 exhaust [257 W]

0.45 0.200
0.175
0.40
—_ — 0150
A —
8 o035 8
o o
o o 0125
0.30
0.100
0.25 0.075
2.00 2.25 250 275 3.00 2.00 2.25 2.50 275 3.00

Flow [g/s] Flow [g/s]
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Layer 3 - AP vs flow at power +20%, T_, =-20 C

dP vs CO2 flow - Layer 3 evaporator [308 W] dP vs CO2 flow - Layer 3 exhaust [308 W]
0.55 0.25
0.50
0.20
. 045 —_
@ @
2, =}
& o040 =
0.15
0.35
0.30 0.10
2.00 2.25 2.50 2.75 3.00 2.00 2.25 2.50 2.75 3.00
Flow [g/s] Flow [g/s]
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Layer 3 - AP vs flow with no power, T_, =-20C

t

Note that the flow scan is not available with no power in this configuration, so the pressure drop for the
2.6 £ 0.1 g/s flow are reported

Pressure drop [bar]

Capillary 7.49
Evaporator 0.071

Exhaust line 0.001
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Layer 3 - AP vs flow at nom. power, T_ =0 C

dP vs CO2 flow - Layer 3 evaporator [257 W] dP vs CO2 flow - Layer 3 exhaust [257 W]
0.30 0.10
0.25 0.08
g 0.20 g 0.06
o o
© ©
0.15 0.04
0.10 0.02
2.00 2.25 2.50 2.75 3.00 2.00 2.25 2.50 2.75 3.00
Flow [g/s] Flow [g/s]
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Layer 3 - AP vs flow at power +20%, T_.=0C

dP vs CO2 flow - Layer 3 evaporator [308 W]

dP [bar]
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0.30
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dP vs CO2 flow - Layer 3 exhaust [308 W]
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41



Layer3-APatT_ =15C

t

Flow scan is not available at this temperature, showing the pressure drop for the nominal flow
2.6 £ 0.1 g/s with nominal power and power +20%

Pressure drop [bar]

25T W 308 W
Capillary 8.42 8.37
Evaporator 0.165 0.171

Exhaust line 0.036 0.039
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