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CO, Cooling Seminar

The benefits of using CO, cooling.(“ngi
History of CO, cooling.

Introduction to the 2PACL CO, circulation
method.

CO, cooling in the AMS-Experiment.
CO, cooling in the LHCDb Velo Detector
Future applications.

Conclusions




NIBEEF Why is evaporative CO, cooling
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CERN

good for HEP detectors?

CO, allows small tubing

Why?

Large latent heat « Low viscosity « High pressure

Allow low flow

Low pressure drop
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NBEF| \What happens inside a cooling tube? ©®
Heating a flow from liquid to gas
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CO, Calculation Example
Atlas IBL stave

C02 C3F8 7 T T T T T 1N T T T
: CO2 ID=1.4mm OD=1.6mm
Inner Diameter (D; [mm]) 1.4 3.6 6 l .......... C,F ID=3.8mm OD=4.0mm ||
Max. Design Pressure (MDP [bar]) 100 15 ;b
Tube wall thickness (T, [mm]) 0.1 0.1 S g
Relative tube mass (m, [g/m]) 3.8 9.3 % A |
c i
Fluid density (p; [kg/m3]) 1054 1564 Q
Relative fluid mass (m, [g/m]) 16 15.9 R e I
Total relative mass (m,; [g/m]) 5.4 25.2 -_‘55 2l U ,
Relative stored Energy (Q,; [J/m]) 15.4 15.3 é:s
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CO, has a high pressure but this does not have
to be an increased safety issue.

Pressure Equipment Directive (PED):
»  Stored energy determines the safety class.
. Stored Energy = Pressure x Volume

CO, is environmental friendly, non-toxic and
cheap.

CO, in large concentrations is asphyxiating, be
careful with venting CO, in unventilated small
spaces.

CO, does not exist as liquid in atmospheric
conditions. It is released as -78°C solid. Cold
burn risk.

Design Stored

Pressure | energy
O, 14mm 100bar 15.4J/m
Cs;Fg  3.6mm 15 bar 15.3 J/m

Pressure (atm) ——a

CERN

CO, safety Issues

Supercritical
fluid

-785 -56.4 311
Temperature (°C ) ———>
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Is CO, cooling new?

« NOI! it was used In the late
19th and early 20th century
and 1s one of the first used
refrigerants.

* The high pressure of CO,
(130 bar) was a problem for
materials those days.

— Development of low pressure
synthetic refrigerants (CFC’s)
causing CO, to disappear as
refrigerant.




CO: CHARGE CONTROL CALCULATOR
FOR
MARINE TYPE REFRIGERATING MACHINES

THE [MACRAM SMOWS CORRECT TEMPERATURES AND PRESSURES UNDER VARICLUS SEA WATER AND
EVAPORATING TENPERA TUAES
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CO, cycle simulation

“software” anno 1932
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@V”'ii“ The Iast 12 years CO, Is reintroduced aser»
el "green” refrigerant. Now CO, Is getting
standard again.

Soon your beer at home will be cooled with CO, too...

Japanese “ecocute” for
tap water heating

E—bRY 721wk

L_,:GREEN
— COOL
C—o2 cooled Super market CO, cooling plant
ice creams
CO, Car air-conditioning T - bk CO, cooled ice skating

rink in Haarlem
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CERDEC team earns Secretary of the
Army Environmental Award

CO, cooling iIs SO GREEN that the even the Hummer
guys won a environmental prize because of their CO,
air-conditioning.

11
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How to get the ideal 2-phase flow in the detectof?

Traditional method: Vapor compression system

A (Atlas)
LIqUId VapOr Compressor
/Ip M?j - %

= IC\I 8P. Reguiator | \Warm transfer T < i)
= < >
@ — i
a

2-phase Cooling plant Detector

o
Enthalpy
2PACL method: o
(LHCb) Pumped liquid system

A L. Compressor E$
Liquid Vapor C]
& g ()
—2 > 3

—

. 1 N .
Chiller L1 Liquid circulation

A 4

«

Cold transfer

< [
< »

Pressure

2-phase

Enthalpy - Cooling plant Detector >
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CO, systems in HEP

» 2 CO, cooling systems have been developed
for HEP detectors so far.
— AMS-TTCS (Tracker Thermal Control System)
Q=150 watt
e T=+15°C to -20°C
— LHCb-VTCS (Velo Thermal Control System)

* Q=1500 Watt (2 parallel systems is 750 W)
« T=+8°C to -30°C

* Both systems are based on the 2PACL
principle invented at Nikhef

13



2-Phase Accumulator

CERN

Controlled Loop (2PACL)

« 2PACL was
developed for the
AMS-TTCS

Pressure

A

Liquid Vapor In 2-phase area
-~ —

X ;l?’ /’\ T=Constant

/ 2-phase

,"<—> /Q phas

- oz
1] /4 6 5 h
I >
Enthalpy

Deep space

 Cold

Q= 150 watt

T=+15°C to -20°C AMS-Tracker

14
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2-Phase Accumulator
Controlled Loop (2PACL)

A
Liquid Vapor In 2-phase area

;f’ \ /’\ “~ T=Constant
1

2-phase
« 2PACL also p-{-- —ele \
implemented in L /4 605 H
LHCb-VELO L
[;]/ Enthalpy

|
~ I 6
I q Pump -
ok 1 2 d 3 4

Q=2 x 750 =1500 Watt  -HCb-Velo
T=+8°C to -30°C
(2 parallel systems) 15

Pressure




2PACL Operation

From start-up to cold operation

Pressure

Accumulator '3 -

Cooling Y
Pressure Set-point
decrease (5)-- range

. 4
Enthalpy
>
G - o
1 " 1 1
- 50 L B - : A . @ Pump head pressure (Bar)
o3 A —Q
< 8 | ] PR 1
s % : : ay : 5
g ? : : : ‘\ > 1
S B or 1 1 1 :
= 1 1 1 E tor t t °C
E fon @ vaporator temperature (°C)
25
@Pumped liguid temperature (°C)
593 ' 1:;.5 1;i 14.5 1[5 15.5

Clock time (hour) 16
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AMS-Detector Ready for flight
STS- 134 (19 April 2011)

CERN
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Tracker Thermal Control system
(TTCS)

« TTCS: Bringing the 150 Watt
from the insulated detector
center to the external radiator
panels.

+ Keeping the detector
temperature stable <3°C over
orbit.

« Evaporator set-point between
-20°C and +15°C (Depending
on seasonal temperature.

Set point temperature

Corrado Gargiulo

Radiator temperature



Tracker Thermal Control system
or with condeefs (TTCS)

(S

Ram rad'lat

2333 L | |- ﬂ """'j"

N

: g
1111117 ! .!.

SR

/" Cooling system
component boxes

150 Watt detector (1 redundant)

with evaporator rings

S | s s (J \
INFN Glos NIBSQEF i1 M
. LE@NIVERSITE DE GENEVE
@ Fieica sy CARLO GAVAZZ| SPACE SpA

CERN
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NIBgeF AMS-Tracker with

bverlaat@nikhef.nl

CO, cooling rings.

o " Innerplane thermal
Tracker connections bars and hybrids

Inner plane
* evaporator rings

e _’“ //, v

Inner plane silicon
ladders
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vert@riet TT C S EV ap or atO I SySte Im

Outer plane
thermal
bars

Inner plane
thermal bars

Bottom
evaporator loops

Thermal conductors

22

Welding of the evaporators
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TTCS Schematics

Secondey O O v — T Teecondary
L) S " TTCS Component Box : T
gE' Preheater :
I T |
i , -
:élE I APS | APS
) | ek Mﬂ,\mn PUMps L -
Ram heat pipe F"ﬁ-& | " s Wake heat
. o . .
radiator Evaporato : ryis pipe radiator
1 C
assembly " - ajlc
- 5
Condenser Preheatar DPS A Condenser
I 1 @_-i=
1 3
: 1 O
I |
I |
1 I !
'r‘l!#l l s i i
Y S ErrT : i b
liquid line health U é N e _
heaters liguid line health
heaters
t}—@ Centrifugal Pump Thermo Electric Cooler
M™% Electrical Heater ; Pt1000 Temperature Sensor
b Sensors:
I Valve LFM = Liquid Flow Meter lssue 512
Thermostat DPS = Differential Pressure Sensor Updated by J E
APS = Absolute Pressure Sensor pdated by : J. van Es
Date :30-09-2004
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TTCS Components

red : vaporlliquidCO,
blue : liquidCO,

Centrifugal pump Accumulator

C U LT VI 4

CARLO GAVAZZ| SPACE SpA




”‘j]””E“ TTCS Engineering Model Test -
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Results

« The TTCS installed in AMS can only be tested in
vacuum.

* All the functional tests have been done with an
engineering model.

1*loop_nominal case:0°C,5000RPM

Pre-heaters
i ‘GV

il Cold orbit heater

5 : vary heat load : - 2000 — EVAPbot 1
! ! ! . —— EVAP bot 2 »
150w | 220w ¢ 100w 150W 1800 ——EVAPbot5 o 8
1 ! | i —— EVAP bot 6 g
| < 1600 ——— EVAP bot 7
o EVAP bot 8
- 1400 ——EVAP top 1
i —EVAP top 2
~ 1200
] - S EV top
41000 8 [~ -
= Start-up radiator and with pumps
800 3 TR DU
o ——EVAPtop5
00 = ——EVAPtop6
——EVAPtop 7
400 ——EVAP top 8
— Accumulator | -
200 — PUMP_IN 0 W < with pre-heaters
— Acc_out ) \
0 ——DPS_keller ‘ Y
A ——DPS EVAP

Thermal stable operation with varying heat loads & varying orbital conditions



In April 2010 the TTCS was
tested in AMS in the Large
Space Simulator (LSS) at ESA-
Estec.

The LSS is a large vacuum
chamber with nitrogen cooled
walls to simulate the cold of
space.

The TTCS was tested under
different wall temperatures.

Orbital variations were
simulated with IR heaters facing
the radiator panels.

AMS Thermal Vacuum Tests
@ ESA- Estec INn the LSS

\ Y
0

CERN

TTCS radiators




TTCS Test results from the LSS vacuum : CERN
Transient performance

Evaporator(°C) Silicon plane(°C) Evaporator saturation(°C) Pump liquid(°C)

Ram Radiator(°C) Wake Radiator(°C) Primary pump speed (rpm) Secondary pump speed (rpm)
10 C C t r10000
5 Pump speed - 5000
Redundant pump speed
0 0

5 e iccumulator Detector ]
it Single phase z
£ .10/~ evaporator Two- phase g
o evaporator Evaporator =
> (]
8 -15- - g
S 2
o 20 Wake Radiator ’ £
oY

40 \\"R/’/\\\//"’J_

30 - -

35 |- Ram Radiator .

_40 r r r L

18:00 21:00 00:00 03:00
07-Apr-2010 Time (hh:mm)

27









CS Evap

orator
L

— -
-
N
I —
b
—
——
- -
- ‘.'
=g
—
~ -
-
———
Ny
~
—
—
-
.
1}

CERN


javascript:void(0)

CERN

VTCS Schematics
L Co2 bridge T e T TR - CO2 bridge

TLITO6 /l -_\ 4 TRTTON
o—Pd¢ »a—eo aui
LR 7 @ Liquid Pump
TL_VLO07 [ TR_VL007
@ TL :048 S — e o <‘ % Electronic 3-way valve
_ I Velo vacuum tank with silicon | — [T o
2 modules, module base and CO, c ﬂ )
21_3 evaporator. 5 Electronic 2-way valve
‘B ‘G
g S
= . S Manual restriction valve
s = Cooling plant at UXAC3 = = %
= TL_PT102 . . TR_PT102 e
PLC and electronics rack <@ No return valve
= BR g
2 2
< o — Electric heater
2
5 TL_VL112 TR_VL112 E
Damper with heater
3 4
TL_VL111 - [ TR_VL111 )
Xam TLTT125 l: _— — :I TR_TT125 ]‘
- Heat exchanger
i §€ TL_HT105 TR_HT105 q‘é i 9
g 2 TLHTi04 TRHTI4 o g
3 3 L - = .
;‘ 4 E\ ;. . Pressure transmitter
@ 1 prim | | Air-cooled |
B TL_HX102 SB chiller TR_HX102 TRr1i04 @) @  Temperature transmitter
TL_HT103 TR_HT103
TL_TT112 Tiol \ij/ 0 o0 TR_TT112
5 &0 Ob A
~ 000
070
)
L Water-cooled SA chiller
TL_VL103 TR_VL103
TL_PT101 TLR_VL101 TR_PT101
TL_TT112 TR_TT112
TLTT122 — R TR_TT122
- TLR_TT112 -
TL_HT102 S TR_HT102
TLR_TT122 z
5 0
TLR_HT102 F 'f
TL — C02 system TLR system r@ TLR_VL109 TR_VL108 TR - c02 system 31




) Mt VTCS Locations

-

Transfer tube
Concentric assembly

Cooling Plant

Evaporator
All active hardware

Passive tubing only

32

LHCDb experimental cavern
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VTCS Cooling

Liquid pumps
1l S
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VTCS Accumulator

Cooling spiral for
pressure decrease
(Condensation)

—

Tt

>

=
J—=S

o>c

5 SIS C Y D
&)

Thermo siphon heater for
pressure increase
(Evaporation)




N,nEF VTCS Commissioning results: CERN
bverlaat@nikhef.nl Start—up and Operatlon

Start—up of the VTCS during October o : : : — ]800
2009 commissioning: 0= 7700
60 - -1600
8-40 - Start ith set Nt -5°C L 10-Acculiguid level 500
:40 - Start-up with set-point -5° i A A At 7
11:10 - Detector switched on g O Dotoctor power i 400
12:50 — Set point to -15°C 2 or 3%
. - 20 -200
15:30 - Set point to -25°C %)
P . o % 10~ A-Silicon temperature -100
17:10 - Set point to -30°C S L 1
18:20 - Set point to -35°C (System Limit) § ot 7"Evaporat |
. g ° GE) . Ortem
19:10 - Set po!nt to -34°C ol 10-Accumulator set-point Peratyre f
19:30 - Set point to -25°C 301 N \ i
20:00 - Detector Switched off 40 - =
50 - 9-Pumped liquid ’ i
0 bei00 12:00 | 15:00 18:00 21:00
gas < 01-Oct-2009 Time (hh:mm)
Accumulator
2-phase > Transfer lines
Cooling plant area 3 (Ca. 50m) ; VELO area i Evaporator/Modules %
; é N é < MW—
R507a : ! .
chiller ! ! @ ' -34°C SP
2 | —_— ® -35°C SP
etk | ®
U@ Pump *8'
2-pha£ [ é — : ] ‘ﬂ; <
@® @I : Concentric tube : I@ @

Heatload (W)



VTCS Commissioning results: CERN
Start-up and operation in the PH-diagram

70 [ I I I ]
SP=21°C —eob el __ 9-Pump inlet Start-up sequence
(Start-up)
—| 1. Increase pressure to
= 50 - I -
@ make liquid.
Q
o
> 40T 2. Pump at high pressure
Freezing —~ in ligui
0 ©2Ing and cool down in liquid
iz (Solid/Liquid) mode
Sp=-5°C - 0= - - -+ -
—|_ 3. Lower pressure to
desired set-point
SP=-15°C ——=|--~- -
20+ ~ 4. Power-up detector
SP=-25°C =~ N Switch-off detector
SP=30°C == 1777 (Liquid/Vapor) Lowest possible set-point
. (liquid approaches
SP=-35C saturation line)
T=-40°C
1050 100 150 200 250 300 350

Enthalpy (kJ/kg) 36



Accumulator VTCS Commissioning results: CERN
Steady State Performance

Accumulator

> Transfer lines
Cooling plant area P (Ca. 50m) . VELO area 5 Evaporator / Modules

R507a .

chiller Return Fluid |} Eévaporator

99 | o
Pump E i

2-phase | '

3
3 5
= o
5
26 s
I ; —
\6 @ O Concentric tube @
\/
A. Module tip (Silicon)(°C) — 7. Evaporator outlet(°C) — 8. Condenser Inlet (°C) ——— 9. Pump inlet liquid (°C) — 10. Accumulator Saturation (°C)
20 . 201 .
Detector Switched Off Detector Switched On
10 10 |
0 0 7oC 7
o ( / 0 F-=== I ‘ /
o -10 O(a\O 77/ T -10 - i ‘.a\‘o" N
- EVeP o Bveld id
Z’)- 20 E— — ’é)- 20 :‘7, e\_\)ﬂ\ r\
e {or Retur, ; ° \ator =
-30 (;C\)mu\a N Fluid — i -30 /l P\CCU('(\U
1 .
Liquid L Liquid
-40 ——— | 7 Y
S ”7 - I
S e A ’
% 25 20 15 -10 5 % 25 20 15 -10 5
37

Accumulator Set-Point (°C) Accumulator Set-Point (°C)



Temperature(°C)

NIBEEF VTCS Commissioning results: CERN
Heat loads

6-7: Evaporator Heat Load (Detector On) 6-7: Evaporator Heat Load (Detector Off)

7-8: Transfer Tube Heat Pick-up (Detector On) 7-8: Transfer Tube Heat Pick-up(Detector Off)

7-8: Transfer Tube Internal Exchange (Detector On) 7-8: Transfer Tube Internal Exchange (Detector Off)

600 r r <X Environmental heat pick-
Detector Power — | up in transfer line same
400 | e order as detector power.
o | (all heat pick-up only in
200 i the return line)
0
200 X’ X‘ l’ X’
-400 X’
-600
-800
-1000

-30 -25 -20 -15 -10 -5
Accumulator Set-Point (°C)
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NI VTCS Commissioning results: e

Thermal Stability

The 2PACL is a very high precision temperature control method.
The Velo evaporator is controlled from 60m distance.
The stability <0.1°C; reaction time immediate (pressure control)

(Note: Chiller is fluctuating ~8°C, Temperature archiving 0.1°C)

TLPTO03.Tsat TLPT102.Tsat TLTTO16.temp

0 T T T T T 20

TLTTO17.temp TLHX0012.watt

0.5

1

15

1

1

10

1.5 15

2 L | 0

2.5 .

3~ -

3.5 .

Temperature(°C)

10-Acculiquid level

4 '_‘nll -

4.5~ i

-

5 -

-6 [ r L L zz’ 0o 12: 15
09:00 10:00 11:00 12:00 13:00 01.0ct:2009 Time (Ahmm)
01-Oct-2009 Time (hh:mm) 39



NIBEEF

CERN
Accumulator response
(powering up and down and a temperature change)

S 80 { x

é Accu Heating/Cooling

0 60 - |

)

—

= 40 Accu level

< - Detector half / i

% heat load (x10) \/

) 20 Module Heat load i

=

o

s __F

8 0 Silicop temperature W27 )

< [Trcmpir Foh g e

e / I/ . — SP=-5°C

E '20 = -

© oﬂ Evaporator

D SP=-25°C temperature

g— -40 [ [ [

o 0 0:30 1:00 1:30 2:00

a Time (Hour) 40



°@ N'j“ VTCS Commissioning results: -
Superheating

* An interesting phenomenon is observed,
which needs attention for future
systems. Sometimes the liquid is slightly
sub cooled and boiling does not always
start immediately => Superheating!

— Pump stroke (mm) Evaporator saturation (°C)

Evaporator 12 end (°C)

Evaporator 12 begin (°C)

Evaporator 27 begin (°C) Evaporator 27 end (°C)

Evaporator 12 heatload (watt) Evaporator 27 heatload (watt)

10 [ T T [ T 52
gl- Pump stroke a8
61 _’ -1 44
A 41 HX012 inlet -1 40
-40 °C T 2r . 36
E | [ HX012 outlet y
(0] [ -
1 S HX027 in & outlet
% 0°C s a2 — ) L\/‘\ 128 £
i . c 4 - VA 24 8
& -20°C & Evaporator temperature | =
5 6 \ 20 @
Ay 3 B2 | 16
o Q -0 [~ L
/ |_40 C & HX012 heat
4 & 10t 12
e e 12 8
Enthalpy
141 HX027 heat 4
16~ =0
'18 [ [ [ [ [ 41
18:00 18:30 19:00 19:30 20:00 20:30 21:00

02-Oct-2009 Time (hh:mm)



Future CO, cooling
projects

* CO, cooling Is foreseen for the following
experiments:

— Near future:
 Atlas Inner B-layer (IBL) detector: 2013 (1.5kW@-40°C)
 CMS-pixel detector: 2014 (9kW@-20°C)
 Belle-Il pixel vertex detector: 2014 (1.2 KW@-35°C
 XFEL R&D: 2011 (1.2kW@-15°C)

— Atlas silicon detector upgrade
 Atlas silicon detector upgrade: 2020 (180kW@-40°C)
 CMS silicon detector upgrade: 2020 (100kW@-25°C)
* International Linear Collider TPC: 20xx (2kW@+20°C)

* Any more CO, cooling projects that we are not
aware off? Please tell me.

CERN
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CERN

Near future CO, challenges

CMS pixel detector
(Extreme small diameter
tubing @ small dP allowed)

PP1 Collar
= —

Sealing service
fing

Atlas IBL detector
(Long in and outlet tubing)
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CERN

CO, research plants

* To support the research on CO, cooling
plants are constructed all over the world.
At CERN/Nikhef the following systems are
operational:

— Nikhef 2PACL system

— CERN Cryolab 2PACL system

« Systems under development:
— CERN-DT / Nikhef 1kW system
— CERN-DT 100W system

44



NIpger Operational: CERN

berlaat@nikhef N I kh ef C 02 2 P AC L

Capacity 1kwW

Evaporative temperature range: -40°C to
+25°C

Universal test box for experiments

Pre set-up temperature sensors and
pressure sensors.

Controllable power supply

Automatic scanning connected
experiments

test system
| |




@VMEEF CERN
— PVSS Automated scanning

THWRNgs *] YA *] Seve | O *1T1) kgl un_ Chose |h¢um-

« Easy test procedure. Steady
state data recorded after each
setting change.

* Able to change:

— Outlet pressure (Evaporative
Temperature),
— Inlet enthalpy (Inlet temperature)

— Mass flow

. "*|  Dec 2009 Carbon tube scanning results, data
Power recorded at steady state

 Several structures have been

tested and analyzed. ¥
« Tests fully protected to M

overheating.




NIBEEF

bverlaat@nikhef.nl

Operational: -
CERN-Cryolab 2PACL test system

L acbete, T

« Capacity 0 W to 3kW
« 27 liter accumulator for large volume experiments.

- Temperature range +25°C to -45°C (To be verified in
upcoming commissioning)

« Small (150 watt) and large experiment outlet. 47



Under development:
CERN / Nikhef 1kW Unit Schematics.

« Common CERN-DT / Nikhef development.

« User friendly system, designed for series production to distribute among

labs.
* Project can use additional collaborators.

— If you want to invest money and man power in CO, cooling, please consider joining

this collaboration and benefit from the 12 years of CO, cooling knowledge.
« Base design for future cooling plants (IBL, XFEL)

vLiio V0L111
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CERN

Conclusions

» CO, cooling Is the future for particle physics
cooling.

» CO, cooling seems also very beneficial for
other scientific instrument cooling.

« 2PACL technology is interesting as a system
principle (high stability, easy to operate).

* |f you plan to invest money and manpower in

CO, cooling, consider to join the
CERN/NIKHEF 1kW unit development.
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