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Instrumentation: what is it for? >

The instrumentation is “one” of the set of apparatuses that permit the operation,
optimization and diagnostics of, in this case, a large scale cryogenic facility.
The components are sensors & actuators with its ancillary equipment.

The instrumentation is shown on a P&ID (example: LHC cell 1999 version).
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Instrumentation: Requirements then Selection i
The ideal workflow Is:

- Design engineer provides a set of requirements
- Quantity including criticality (redundancy)
- Measurement uncertainty
- Environmental conditions
- Instrumentation specialist selects appropriate candidates
- Final selection include qualification for non-standard (commercial)
environments
- Acquisition chain is critical and shall be part of the cost optimization

. t Type of Sensor Range Accuracy | Availability Location Approximate
. e\ected requlremen S Quantities
LHC S Temperature 1.6 -40 (300) K Fct (T) Allen Bradley, Carbon | QRL, cold-mass 4400
Table 11.12: Cryogenic instrumentation inventory thln—.fllm, TVO, Cernox
- - Temperature > 50K 50-300 K Class B | Platinum thermometer | QRL, cold-mass, DFB 900
Sensor type Quantity | Redundancy RadTol quantity — - - —
T Liquid He level meter | Various ranges 5% Commercial SSS, DFB, cavities 300
emperature CX 4,500 1,153 3,347 = -
Temperature P{100 2.400 450 Pressure (warm) 0 — 70 mbar [0.1% FS| [ Commercial SSS 530
Pressure Low 230 230 ‘ Pressure (warm) 0—20bar 1% FS | Commercial QRL 455
Pressure Mod/High 900 900 Pressure (warm) 0—4 bar 1% FS Commercial QRL, DFB 264
Level Gauges 300 300 Differential pressure |0 — 20 mbar 1% FS Commercial Cavities 16
Electrical Heater 2,500 2,000 (warm)
Flow meter @ 2.2K 0-10g/s 10% FS Prototypes under test | QRL 280
Table 11.13: Measurement uncertainty requirements versus temperature. Flow meter (warm) Various ranges 3% Commercial Gas return lines 20
Temperature Range | 1.6-22K | 224K 4-6 K 6-25K | 20-300 K Cryoheater @ 2 K 0-100wW 2% Commercial Cold-mass, DFB, 2700
Uncertainty [K] +0.01 +0.02 +0.03 +1 +5 cavities

LHC: preliminary analysis
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Instrumentation: Metrology )

Measurement is the process of obtaining experimental values attributed to a
guantity or property.

Measurement of fundamental properties shall be reproducible worldwide.
National standard laboratories compare their measurement standards to provide
consistent reproducibility of measurements worldwide and over time.

Major standard laboratories (non exhaustive) are:

- National Physical Laboratory (UK)

- Physikalisch-Technische Bundesanstalt — PTB (GE)

- Laboratoire National de métrologie et d'Essais — LNE (FR)

- Istituto Nazionale di Ricerca Metrologica — INRIM (IT)

- National Institute of Standards and Technology — NIST (USA)

International organization responsible for worldwide coordination:
- Bureau International des Poids et Mesures — BIPM (located in Sevres, France)



Instrumentation: Metrology

The metrological traceability is a property of a measurement

result whereby the result can be related to a reference
through a documented unbroken chain of calibrations.
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Primary Reference Standards

Transfer Standards

Working Standards

Gauges, Instruments and
Equipment used to measure process
and Product Characteristics

Uncertainty defined by the GUM (Guide to the expression

of Uncertainty in Measurement):

» Uncertainty: quantification of the doubt about a measurement result

« width of the margin (+/-) and confidence level (%)

 Random errors Type A, systematic Type B

Practical measurements rarely use the formality stated in the GUM.

The GUM requires:
* A mathematical model of the measurement process

« Type A & B evaluation of standard uncertainty <= statistical analysis
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Instrumentation: Metrology (Technical) i

Objective of a measurement is to determine a value of the measurand, in other
words, to sample one value out of a universe of possible values.

Accuracy: agreement of measurement with respect to the true value

Precision: spread of measurements (not related to true value, ~ repeatability)

Reproducibility: results can be attained by a different research team, using the
same methods.

Bias: total systematic error as contrasted to random error

Trueness: closeness between the test results and an accepted reference value.
The measure of trueness is normally expressed in terms of bias.

Inaccurate & imprecise Precise but inaccurate
(unrepeatable) (repeatable) Accurate but imprecise Accurate & precise

Figures from a poster made by NPL



Absolute Temperature Scale (ITS 90) V

Temperature (as pressure) Is an intensive quantity and its measurement is done
via the use of a transducer that measures a temperature dependent quantity.
An intensive property does not depend on size or mass.

The International Temperature Scale of 1990 extends upwards from 0.65 K.
Between 0.9 mK & 1 K it exists a provisional temperature scale (PLTS2000)

Gasthermometer T [K]
3He N

£
13.8033 e-H, (T)
4Helll 4He |
|- | -I 17 e-H, (V)
0.65K 1.25K 2.18K 3K 3.2K - 5K
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He vapour pressure -I—-""”_-?He, 4He from 4.2 K 24.5561 Ne (T)
Gasthermometer
- Platinum resistance thermometer
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[ | | | ] |
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17 K ] ' '
20K 234.3156 Hg (T)

273.16 H,O (T)



Absolute Temperature Scale o

The origin for the value of the lowest attainable temperature is related with:

Freezing (ice point) temperature of water (0 °C)
Boiling temperature of water (100 °C)

Law of perfect gases & constant volume gas thermometer
- Temperature % Pressure

Vanishing pressure < lowest temperature

The Sl unit for temperature is K (Kelvin)

- 0°C=273.15K
Bath

Pressure
A Gas A
Gas
AF/JJJ/}JHHJF(}aSIS (constant volume)
L Gsc C
o o >
"273.15°C 0°C Temperature

(0 K)



Absolute Temperature Scale

Constant volume gas thermometer:p.V=n.R.T

= p%T

- Stop working when reaching the gas liguefaction temperature
- Virial expansion required to model non ideal gas behavior
P.V=n.R. T@A+B(M.NNV)+C(T).(n/V)>+....)

- Not as easy to use as it looks, it is an “approximation” technique:
- Real gas is not an ideal gas

- Temperature grad

lent along capillary

- Accuracy of pressure sensor
= e Pressure
A Gas A

/ Gas B

%/
L Gsc C

-273.15°C 0°

(0 K)

C

C Temperature

Isothermal
Bath

Gas
(constant volume)

X/~



Absolute Temperature Scale: CERN standards

Rhodium IRon Thermometers (RIRT): used as secondary & working standards.
23 standards are compared to primary standards by a reference laboratory.
Working standards are installed in the series calibration insert & compared from
time to time (yearly basis) to the secondary standards (in a separate insert).

Temperature Repeatability [mK]

RIRT standard made by Tinsley (UK)
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eo o : RIRTs in CERN calibration insert
= Cernox Sensors
5 I NN N N
1 10 100 ; _
Temperature [0 R IR
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Standards/Calibration Certificates 7

The LHC requirements for the measurements below 4 K are very tight
Not far off from the national standards laboratories results:\

2.5 o & T_075_PTB_0802-T_KCRV(Mean)
Working & secondary standards are | o lerass e omoar e
not required for: 89 |erawvewmsonrscntven
- Pressure AN R X oy gkt
- Voltage g 1 —B—.--1:324_;1mm_alsmz-_r_r(cr{u{_wlean]I
- Current os 05;% —— 5
- etc. 3 Gliasel 8 0 g i a8 5 = 1508
industrial calibration certificates of B LA R I i &
apparatuses is sufficient; these are: ) ey e
- DMM 1
- Portable calibrators D 5 Sk ” )
_ Ben Ch |nStrum entS Figure 5: Deviations of the readings of 8 RIRTs from the KCRVs obtained in the main

comparison run No. 0802.

= e From <<EURAMET Key Comparison No. EURAMET.T-K1>> (2016)



Instrumentation Chain: “Sensor” View
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The market for sensors is moving towards more complex sensors that include
all possible linearizations/compensations.
“Smart” commercial instrumentation for cryogenics is usable only @ warm.
Accelerators usually impose passive (dumb) sensors:

* Too low temperature
« EXxposure to ionizing radiation

Many “smart” sensor are presently
being used Iin test areas and are
connected via fieldbuses:
Pressure

Flow

Valve actuators

“Intelligent” Sensor \
T TrTmrTmrTmsm Nl Automation

“Smart” Sensor .
Metrology [

! Integration K
: |

) ) " Signal . 1

Standard "I Processing [T
Sensor |

Compensation 1 /

Point to Point
Connection

y

Point to Point
Connection

7'\

\ 4

Fieldbus



Instrumentation Chain: Particle Accelerator V

Particle accelerator usually
Involve environmental radiation
= More challenging than a typical Non-Negl

LHC example

Accelerator Beam Dump on Failure

industrial installation SensorsiActuators Raiation Toerans ;ii\aDSAJs;Tina g
= Equipment need to be qualified s { - T — N

by the end user P ) BT _l’ fg
= Critical equipment needtobe - S S M

located appropriately or ol E S L

provide adequate redundancy fae ¢ T—— Profius OF m
— Long distance require ONOFFVate - - ]

mechanisms to cope with EMI g & | emeh
—> 20+ year operation design Sl Conditonet

— i obsolescence ! ontettate 5— R

Split Profibus Valve Actuator Split Profibus Valve Actuator
Moderate To Very High Moderate None

Radiation Level



Temperature Measurement: Electrical Sensors -

Most of the temperature measurements are based in electrical sensors.
Wide variety makes difficult to find a single one fitting all applications.

All are several decades old and some are becoming obsolete ¢ or difficult to
obtain .

Type T - Chromel Constantan
Au-Fe Thermocouple
Platinum (standard) ¥¥
Platinum (industrial)

RIRT (standard) %

RIRT (industrial)
Platinum-Cobalt (industrial)

Germanium ¢

Germanium on GaAs
Cernox (Lake Shore USA)
TVO (CCS)

Ruthenium Oxyde
Carbon - Carbon Glass gp
Diode (GaAs & Si)

1 10 100
Tempretaure [K]
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Temperature Measurement: Optical Sensors 7

“‘Bare” optical Fiber Sensing (OFS) technologies have a lower measurement
temperature of about 50-80 K.

Fabry-Perot

Distributed optical sensors is a mature technology 1\
used to measure stress and temperature in civil b_ 4_
engineering, oil & gas, marine, etc. ;

e awgon TS
Fabry-Perot (FP) multi-point :)Cc;l::;?nr; No Input Signal \ \

Fibre Bragg Grating

multi-point rating scatterin No
(FeG) P Brating ; AN AN

L optical phonons Intensit
Raman Distributed . n.a. 'y
Scattenng Rayleigh
I —_ accoustic phonon Brillowin A7 A, Brillouin
Brilloiun Distributed p. Yes Stokes " Anti:Stokes
scattering
Raman
Anti-Stok
. oo nanometer scale Raman AT
Rayleigh Distributed . Yes Stokes i
defects scattering /\ A

ay—ay 0y —op g Wy +Op ay+ay



Temperature Measurement: Optical Sensors

The lower temperature measurement range can be extended by coating the fibre
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with appropriate cladding materials, the coating shall provide a significant thermal
contraction well below 80 K.
Temperature is therefore measured through thermally-induced strain in the optical

fiber => stress and temperature cannot be differentiated when using such technique.

No impact on Raman scattering as it is only temperature dependent.

 —_—
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Temperature Measurement: Optical Fiber Sensors (OFS) 7

OFS cryogenic applications are indeed being developed.

For instance ITER intend to deploy OFS to measure stress (FBG), displacement
(FBG & FP) and temperature (FBG).

Some published data indicate measurement of temperature down to LHe
temperatures, although the associated uncertainty is difficult to understand.

As for any temperature sensor, they require to be appropriately anchored and are
affected by thermal cycles.

Main advantages are distributed measurements over long distances (several km),
Immunity to electro-magnetic noise, high voltage insulation, etc.

Measurements require a reading unit that provides the optical signal (laser) and
process the reflected and/or transmitted light.



Temperature Measurement: Electronic <-> Sensor Matching (LHC)

Resistance [ohm]

100’000

10’000

1°000

100

10

&N

Nt
. Temperature Range | 1.6-22K | 224K 4-6 K 6-25 K | 20-300 K
The LHC temperature requirement: [Uncertainty [K] £001 | =002 | =003 ) Iy
The TYPICAL resistance versus temperature of the LHC candidates had both
positive (RhFe & Pt 100) and negative (cernox, Allen-Bradley, TVO, Ge) dR/dT
| AL
:gﬁi':(\)/\ﬁre Wound E mE_ Carbon-glass Copact 'Iﬂi ,E
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——TVO (Carbon) g o
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Temperature Measurement: Electronic <-> Sensor Matching (LHC)

@)

= i 4

Temperature Range

1.6-2.2 K

224K

4-6 K

6-25 K | 20-300 K

The LHC temperature requirement: [Uncertainty [K]

+0.01

+0.02

+0.03

+ 1 +5

The precision budget was shared in
equal parts between the sensor &

Equivalent Uncertainty in Resistance Readout for the Cryogenic Temperature Sensors

electronics.

——CERNOX
AllenBradley
-=-=--TVO
——RhFe

—PT100

Requirements are tough below 6 K.
RhFe: demanding signal conditioning : \ N
Very small sensitivity : \\\
PN S
All sensors are slightly different: T NN =
* QA system to track sensor installation +————~<
« Sensor <->location need to be known |

0.1

Electronics shall provide better accuracy

1

10

Temperature [K] 100

1 00C
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Temperature Measurement: packaging for electrical sensors v
» Commercial resistors ——{EZimd=— [~ = g e ot

(Epoxy) (Glass) (RuO,)

TVO, Allen Bradley, Ruthenium oxide
Anchoring via wires & body
Robust package

Base Ceramic Electroplated

o Can|Ster mountlng Contacts Substrate Termination
Ge, carbon glass, cernox, .. RuG2 (SMD)

. . . HEADER PLATE
Anchoring via wires BRONZE PR M ey
Canister anchoring quite useless < vacuum N\ = A

. . INCOMING ~ — Eigﬂsﬁfn%ﬁss

Fraglle paCkage' / HEAT = DIODE

epoxy seal damage . A Canister

THERMAL

=> sensor damaged if not passivated PATH - EPOxY seaL
« Specific mounting (SD Lake Shore) VIRE BOND At
Cernox, diode, etc % Leas FERT A
Anchoring via wires (& body) — ‘ ' ‘;l‘“'- SAPPHIRE

. . vy
Robust package but wires (leads) are fragile. ™™ *** o, @
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Temperature Measurement: Thermal Anchoring under vacuum 7

Need to cope with photon radiation, heat transfer through solids & Joule effect.

Radiated Heat Flux In Vacuum envelope MW | | |
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Residual pressure [mbar] C_5 Verre
LHC Project Report 457 1 AlO;™ Nylon
E (saphir)
fa o Téflon
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Thermal Screen e o2
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0.1 1 10 100 500
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Temperature Measurement: Thermal Anchoring under vacuum

Existing industrial approaches, both examples rely on two anchoring “islands”:
« 1stisland anchors the incoming wires to reduce the heat reaching the sensor

« 2" jsland anchors the sensor body and wire

|
T AL
H LN
{ 5 i BN ‘\>
T ui__'/ /1l
Y N Rz
}T N R ——7}&\‘ : \
B |
} 1
/ i | ! ! :f.." \l \X (
: ! '

y f Seasde . 1 l‘
/ curcylu tion 2 X
/ e \
o e ——

B1 &
/ Tube inox de
/ o2a
s g |
‘y L —_——-
1 / z1 o L
| [Cem ! — ==
——-7[————’ 1‘ J==l I
) Thermométre dans 4 anga | zang
fourreau Cu noyé 2 oo roi < 80 K 2 ;
dans STYCAST; e=- L ) ma
boité sans jeu
avec un peu de

CEA—-1998
Independent thermal anchor for sensor & wires
Brazed assembly

Connector

Radiation | ; ;
r)rotection\~ F?}l Spring @
1

\

KFK - 2010
Independent thermal anchor for sensor & wires
Clamped assembly

&N

X/~
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Temperature Measurement: Thermal Anchoring under vacuum 7

LHC vacuum thermometer based on a triple anchoring support

iIncreases robustness in case one anchor “island” is loose

“islands” are thermally decoupled < do not short on copper support
Reduce heat from warm feedthrough => long & resistive (non-copper) wires
Calibration performed on full assembly before screwing in final position

Sensor Sensor Capsule

« Residual Vacuum Wiring Thermal Resistance

Conduction \

« Thermal Radiation
Isothermal

“Islands”
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Temperature Measurement: Thermal Anchoring under vacuum 7

ITER-CEA has adopted the LHC long thermometer block for vacuum applications.
CEA used finite element model to simulate 2 & 3 island configurations:
« 3islands provides better accuracy
« confirms CERN'’s (much) simpler calculations
« Main contributors to external wall temperature increase:

« Thickness of stainless steel wall % Thermal resistance

« Photon radiance

« Thermal transport through wires <= eopper
 Measurand = external wall temperature fainless stoel tube

-
A U A

2 Islands m—— 3islands -> AT = 15 mK AT = 2 mK
2 islands -> AT =43 mK AT = 8 mK

Radiation shield

Thermometer
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Temperature Measurement: Thermal Anchoring under vacuum 7

As confirmed by finite element modelling the sensor should be upstream

see light blue temperature propagation with flow
CERN design is asymmetrical => support structure shall be properly orientated
CEA design is symmetric => orientation has to be checked on assembly or repair

ady-State Thermal courant
ture

N
y {; I | J W@
A - . J_I_ [J
N B NN NI =
Sensor location [ ? 3 A= —}%X\\K——

nox de pro
02a3uos
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Temperature Measurement: Thermal Anchoring under vacuum 7

Calibration performed under vacuum with sensors on final holder:
« Long block for vacuum applications
« Short block for immersion in LHe

« Bare sensor for insertion thermometry

}<: Sensor not manipulated after calibration

Series calibration insert S eEats
Capacity: 74 sensors



Temperature Measurement: Insertion thermometry 7

Through wall thermometry (vacuum) for low pressure gaseous helium
complicated due to poor heat exchange between helium and inner pipe walls.
Low pressure gaseous helium => insertion thermometers:

« Added advantage: exchangeability

Liquid helium thermometers have their cables anchored at the fluid temperature
* Possible problem is sensor mechanical protection during fast flow transients
* Wires thermalized by LHe < wires bring heat. | 4c cold mass thermometer.

Insertion Thermometer
s Example: LHC QURC, wire with alignment balls

L/
//\/

Negligible effect ,l
T from stray field {07
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Temperature Measurement: Electrical Perturbances — Joule self-heating v

Resistance measurements using a DMM will result in a too high temperature:
e 100 pA (or higher) is common for portable and benchtop DMMs
Measurements below 5 K require:

« alow current source and a volt-meter.

. blpolar excitation current to compensate thermoelectric effects.

CERN data for sensors:
- vacuum: thermalization only through wires
- LHe: immersion of sensor & wires

h T T I T
> | mo Cernox (13'5100-1.8K) | I
e : oo TVO (7263 Q- 1.8K) | 2 -7
[ S | { r-..,: -‘-/.-'
= = < = =7 3
< 50— LA P~ b~ =
| I | 'ﬁ'\ f.’ | l
[ [ | O | -
[ [ | ,?5"“ |
WIRE BOND | : g ave T
WVACUUM INSULATION - A
INCOMING / 25! | T W |
7 /.-' -
LEADS HE———-\AT ’ ALUMINA \ %f”f - | R
L 1 jl i | P " | \Ja‘-:i:j}!tn___,__,_q—"
a— SAPPHIRE | e o |
MOUNTING SURFACE—~ _/ PP o LiqudHe o e
SENSOR MAJOR THERMAL 0 A== =c-@---- - 7 m TR : -
PATH 0 50 100

Electrical Current ? [uA?]



Temperature Measurement: time response

Examples of fast temperature transients can be found In:
« LHC string test that at the time had a variety of sensors (20 Hz BW)
« Heat transfer in confined He Il using bare-chip cernox sensors (10 kHz BW)

Top Plate

c-2 CHM C+1 C+2 I
SM18 String test 13.1 kA quench — 22 —*!«4 mm T

3 [ ] ) 150 mm 20pmfo
I i [}
12 7 - 24

1

[K

i | Lapy -2 [B-1] [EM]| [H+1
|\ N ] Bottom Plate - Ghjinj et al 2022
10 H = 20 .
I \ ] —H? e H1 = Confined Hell
L i C-2  wwmm CM s C4+1 e CH2 |
E
calculated 20
g H b 4 18 p m T T T T T T T T T ] 20
F | 3+ o
L r 8
T Heater Temperature =
6 12 "= 28| sensors e
g %
2261 =
4 a g B ~110 ;
524 2
5| Channel o
2 4 ; 291 \ Temperature sensors | - 'E
calculated H K =
temperature 9L ) %
O i 1 | 1 | | 1 | | 1 | 1 | | | | 1 | | 1 | 1 | | 1 | | | | 1 ] O J i [] E“H
0 10 20 30 40 50 60 0 1 2 3 4 5 6
[s] Time after start of pulse, [ms]

(a) Focus on heater sensors during the first 6 ms of the test.
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Temperature Measurement: time response (courtesy Ph. Roche) >

Within the framework of EUHIT (European High-performance Infrastructures in
Turbulence) fast thermometers (> 70 kHz) were developed:

very low mass & adequate resistance to cope ot j2soundispecta
with stray capacitance. Lineay gfowth of L] Befrepeg ofige
Low heat capacity is crucial! | |

1]
]
1
/
1
B ]
. ]
—_— 1
/

o
™
T

Second sound standing wave

Cantilever with heater

Thermal wave amplitude
o
D

Tracks / Kapton - | '
spacer | ¥ 04|
Kapton / Tracks te- K
Cantilever with thermometer _ 1 U U U
- ~ AN —~—— 02+ l’
Baseplate Arm  Tip EUGUNGIDE B $Z090 BRGS0 |0 mmmmmm s s s s s s s e s s s s e s e e e e -
Emitter . Stable baseline | |
30 40 50 60 70
— p > f (kHz)
-------- - > Heater (emitter) frequenc
LHe-ll T - ( ) frequency
......... 'I' &=
iy
_________________ e %

Heater or AuSn thermometer based on SC transition ™
Recéiver AuSn thermometer deposited on 20 pm thick Si



Temperature Measurement: time response

Reported time response vary from author to author and it is often difficult to

understand how the stated value is obtained.

However some authors do provide experimental data: Bloem 1984

* Bloem: sensor attached to Cu under vacuum

* Louie: thermo-acoustic temperature oscillations E

In most cases the temperature response time is S

dominated by the specific heat of the part under test. | J—\ P

Lower heat capacity (mass) < faster thermometer e L e
so— Louie 1986 —x— ) Y

wl - S BRI YA

Datskov et al 2013 TVO 0.001 [

Datskov et al 2013 Cernox 0.015

Kar et al 2007 Cernox 0.002 Zorbon

Bloem 1984 Carbon thin film <0.001 iharmomaer G =

Louie et al 1986 Film on sapphire 10 n oater =T | r&qgﬂfxﬁm

Fig. 11. Acoustic oscillations at temperature and
frequencies indicated.

plock

S MNylon

Vacuum spocer

Liguid helium




Temperature [K]

Temperature Measurement: time response estimation for cernox

From the Joule self-heating (current vs AT figure), sapphire density (3980 kg/m3),
C, specific heat (2.3x10-3 J/(kg.K) @ 1.8 K) and assuming (overestimation) that
It Is a cube of sapphire (3.175 mm x 1.905 mm x 1.08 mm) the temperature

evolution can be estimated by solving:
dT (t) R X i? 1

= (T, —T(t)) X X
dt (b ()) ATjouie Cp X mass

Response time: a few ms
Cernox chip: 40 less mass & better contact

1.0} [ R
1.88]

1.86}

1841 Transient response for LHe 0.1 K step

T(0) = 1.8 K (calculation).
1.82 Joule self heating from 2 different sensors
1.80}
0.000 0.002 0.004  0.006 0.008 0.010

Time [s]
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Temperature Measurement: Environmental Perturbances — magnetic field

Variable temperature resistance sensors exhibit magnetoresistance
Capacitance, gas, ... thermometers are insensitive to magnetic field
However are less practical thermometers

B versus AT in principle

repeatable.

Ge magnetoresistance, Haruyama et al (1996)
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Temperature Measurement: Environmental Perturbances — magnetic field  t

If the magnetic field is known the temperature reading can be corrected

An individual sensor correction is preferable

LHC stray fields are low and no effects are seen on the temperature reading.
High magnetic stray fields may exist in high current lines & magnets

LI | T T .;'""I'""' 1

AT/IT(%)

TEMPERATURE (K)

It is assumed that for other measurements the sensors can be moved away from magnetic fields

Most sensors will exhibit magnetic induced deviations

POST CORRECTION TEMPERATURE UNCERTAINTY (%)

3.5

3.0

2.5

2.0

1.5

1.0

0.5

Error for cernox single B correction, Brandt et al (1999)
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Temperature Measurement: Environmental Perturbances — Radiation >~

Radiation affects in a non predictable way the characteristics of any sensor.

Pre-LHC radiation gualification, several sensors were reported for radiation
resistance effects; they were TVO, Allen-Bradley, Ge on GaAs, cernox...

LHC specific radiation tests were carried to understand effects from heavier and more
energetic particles and thermal annealing when irradiating @ superfluid helium

E——— ) ; 4 w7 "‘ premgm 100 T T T T T T T T T T T T L
e V0 H +4 rada 0 - ) .l : 1 Baseline: Cal. 1 1 ‘ ]
26k |1 : 7 CX-1050-SD Cal. 2 E
p ; E SN 222544 —-Gal3
N DS 5/\ / .
| : BE N ) \ E
B ; I '. % 0 Q{_/&\\t/ \ N " \ H
= s ol S E ~ N \\’/‘ -\-_)’ ' v =
@ <] - ’ -
L I 1l 50 3 . E
. e || 75 F E
+ ...»{ '.‘v ;; .} l‘ + : “ ‘. R ..{ 100 E Ly | | | L] | E
1 5 Y il . 4 10 30 50 100 200 300
e ‘ Ivi
I L . ‘.:. l Temperature (kelvin)

Figure 8. Calibration shift after irradiation for CX-1050-SD Cernox™ RTD, SN 2Z254A4, irradiated at 4.2
K at a flux of 7.41x10” n/em2/s to a total fluence of 2x10'* nfem” in a nuclear pool reactor.

Figlire 1. Temperature shift at 77.4 K due to neutron plus gamma irradiation
(7.5-10% n/em?/s + 0.11 Gy/s) versus total dose for TVO and TTR thermometers.



@)

Temperature Measurement: Environmental Perturbances —Radiation >~

Radiation tests are very demanding on resources.
Furthermore health hazards need to be tackled carefully.
Ideally radiation tests shall be done in the nominal operating conditions:
For LHC cryogenic temperature sensors it means between 1.8 & 300 K.
In the early LHC design days the radiation background was well known for the arcs.

The guidelines were: LHC annual dose (ARC)
- Arc TID x 10 = TID for DS 300 Gy @ 25 cm -

- Arc TID x 100 = TID for IT 1.510% n.cm*

Sensqr shall be located according to 60 Gy @ 45 cm

radiation maps: 3 10%2 n.cm?2

* yoke used to attenuate de TID

« Avoid areas with gaps respect to the 10.000 Gy @ 6 cm

radiation source 5 1014 n.cm-2
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Temperature Measurement: Environmental Perturbances —Radiation >~

The LHC radiation gualification was performed in the SARA and CERI cyclotrons.
The test cryostat was shared between ATLAS (LAr) & CERN/tunnel (LHe).

To reduce the thermal budget the cryostat was made of aluminum

* Density much lower when compared with stainless steel

* Absorbed radiation % mass => produce heat

Operating temperature between 1.6 and 4.2 K.

OUTER VACUUM VESSEL €
b VAR YEOOEL &

—

F
— "~ _CONDENSER b AHPHORA
MABNOLLA o

COLD VESSEL
- . SENSORS T0 BE TESTED

RADIATION HERT SHIELD Be TARGET H

BLYEDLE
DIRRADIATION o,

SOURCES ECR
LIGHE O'IMJECTION

Y
28me CYCLOTRON

LHC temperature sensors radiation qualification set-up Cyclotrons: SARA (Grenoble) or CERI (Orleans)



Temperature Measurement: Environmental Perturbances —Radiation

The radiation dose rate induces an additional sensor heating -> temperature rise
« Similar for a given sensor type (% mass, cross section & thermal contact)
« Can be compensated on the condition that the dose rate is known

« LHC radiation dose rate is comparatively extremely low
* =>no0 observable heating due to radiation

AT (K)

Yearly LHC radiation dose accumulated in a few hours ->
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7TE4
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0E+0 -
0 24

Radiation dose heating for a TVO sensor

+ AT —Beam

.
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o
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Temperature Measurement: Environmental Perturbances — Radiation

Neutron irradiation expected to cause larger damage to ordered structures:

* RIRT and platinum performance improves with stress free structure
=> neutron damage probably causes additional stress
« Allen Bradley, TVO and cernox are amorphous materials

0.0075

AT [K]

0.005

0.0025

0 1 2 3 0 50 100 150
Neutron Dose [10™ n/cm?] Time [hour]
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Temperature Measurement: Environmental Perturbances — Radiation >z

Sensor damage/drift not only depends on the Total Integrated Dose (TID)
But also in its history => Thermal annealing of defects
 Ge on GaAs (Germanium) was reported @ LN2 to be radhard; BUT
« 1.8 K neutron irradiation provokes a very fast drift of its resistance
« 4.2 Kto 273 K completely restores initial characteristics

Thermal annealing not observed for cernox & TVO.

Ge on GaAs could have been adopted for the LHC
0.002

Cold test was crucial in this particular case

Beam ON
20 1.8 K

1.0 Beam ON
1.8 K

0.000
0.0E+00 5.0E+14 1.0E+15 1.5E+15 0

Neutron Dose (n.cm) 0 50 100 150
Time [hour]



Temperature Measurement: Sensor ageing (resistive type) T

Cryogenic temperature sensors may change their characteristics over time
« Historical data is very important for standard laboratories
« Thermal cycles is the accepted method for accelerated ageing
« Shall be within the expected range of operation
* Moisture is a concern in particular for non sealed sensors
 Drift for industrial Pt100 sensor is not a concern, the standard curve (ie sensor
Interchangeability) is adequate for most applications.
__ After 100 cycles between 4.5 K & 270 K in GHe

Cernox exhibits better stability
with increasing temperature.

~
(9]

7 18K
N 42K

« W 20K

Ul
o

AB “improved” packaging
no observable improvement.

N
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Temperature Measurement: Protection of low level signals

Temperature measurement: very low amplitude & usually low frequency

_ __ Electrical signals require EMC emission protection:
ﬁ . Cables shielded (double shielded ideally)

Mauvais en BF
Mauvais en HF

« External shield GND on both sides (HF)
b PN * shield taken on full circumference
] ;[ * No pigtails, it degrades immunity
 Internal shields GND on only electronic side (LF)
« Twisted signal pairs
A « Cryostat is a Faraday cage <~ no need for shields
i‘?_ « Check neighbors for noise emission

Bon en BF mais risque de diaphonie
Mauvais en HF sauf avec filtre passe-bas

Mauvais en HF sauf avec filtre passe-bas

Bon

Pt 1 L o e '\ . . s
o] Temperature Signal Acquisition Cryostat
on en BF & cibie symétriaue (T ey L b :
on en HF si écran bien repris : DC A e ——————————— T ' Re5|5t|ve SenSOI' !
Excellent ! i - - — — — — '
AvIIIzIiiisiiizizzzzzzmy : ) = F T« | :
(L } ! ' v A !
___________________ . T ValAl '
™ "Bon en BE (Gcran inteme) |||—0 PP S I

Bon en HF (écran externe) I

“TAEME Trace (15 [Rer41532]Ac s I — — —




Temperature Measurement: Environmental Perturbances - EMI

SM18 — String test (2006)

Cross talk from magnets current => erroneous 30 mK temperature increase
Solution: power converter filter circuit modified

Most probably cross-talk happens inside the LHe magnet vessel

Mesurements Date: 23 May 2003
RQD power converter: short circuited

19 4

— LQOAG.TT211 — LQOAT.TT211
1.89 — Current RQD Circuit
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Temperature Measurement: Environmental Perturbances

LHC case: shared grounds with power converter and quench protection

« May result in collateral damage (sensor, electronics, ..)
» Dielectric breakdown can happen during HV tests

« Can result in noise (difficult to understand)

« May require additional filtering

Temporary GND connection
Caused voltage offset & fluctuations

Current Excitation [arb]

[

Temperature [K]
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30 Aug 2011

a.c. noise => non-linearity => d.c. offset!
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Temperature Measurement: Catastrophic Events

During the assembly of the LHC magnets, sensors were destroyed during:
« LHe vessel longitudinal welding (magnetic coupling)
« HYV coll tests (capacitive coupling)

=> Approprlate procedure mltlgated the problem Magnetic coupling (Welding)
dB/dt
S e e
Voltage Breakdown @ sensor
Capacitive Coupling (High Voltage Tests) :
s —
vl \S/oltagl;e -
upply —
T ~T Coil V
Capacitance

vV

> Open Loop

> Close Loop
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Temperature Measurement: Catastrophic Events s

Routine high voltage tests on LHC circuits may destroy a temperature sensor:
* Platinum filament is about 2 ugr
« 2041 K is the melting temperature of platinum
« =>0.45 J to melt 2 ugr in adiabatic conditions (fast transient) eoge

» Verified experimentally in the lab with 700 nF i
« Magnetic circuits stray capacitance: 700 nF up to 50 uF

_t__\

=>"HOT" lines shall provide adequate voltage insulation |
Y Tews g s
e }:A)'/ Internal inthe Megger psic i i
47nF | | g
|
o /:/ nnnnnnnnnnn he Megger T _[_
—0—| —




Temperature Measurement: Signal Conditioning

Resistance based temperature sensors electronics & processing:
« Thermo-voltage compensation (variable excitation current)
It can be in the range of tens of pVv
Low excitation current (otherwise sensor self-heating need compensation)
 Repeatable self-heating temperature increase (varies slightly from sensor
to sensor)
Low noise amplifier
Typically some analog to digital conversion (ADC, analog to time,..)
e or analog output (4-20 mA, 0-10 Vdc, ..)
Resistance to temperature conversion

* CERN: o
- calibration data stored in a database | ’ 1_91 a
 Calibration data automatically loaded ‘ = l | Emcssing
during control system configuration . ! )

/ “Intelligent” Sensor \

\4

Point to Point Point to Point Fieldbus
Connection Connection

= i 4



Temperature Measurement: Signal Conditioning

Measurement of resistance based temperature sensors is based on a

comparison bridge:
« Comparison resistor
* low temperature drift (10 ppm/°C) & RadHard
« repeatable resistor value (< 0.1%) avoids individual adjustments

* Non linearity on amplifier or ADC cannot be compensated

Range

Reference
Controller

Resistor
(one/range)

Clock
Generators

nge A
nversion
I synchro e
I ro %:
N
Field-Bus
) | Logic L 505 Controller A
Operations MicroFIP
C131

ACTEL
FPGA

J

fct(T)

PCB

Ri=

Temperature :
Sensor
5-20 m cable
Double Shielded




Temperature Measurement: Signal Conditioning

Electronics shall be compatible with the LHC tunnel environment (DS & ARC).
For analog circuits effects from temperature and from radiation are very similar.
Robustness of comparison bridge method permits to sample the sensor

resistance within better than 0.25% in spite of gain variations exceeding +/- 3%.

Output Voltage Variation Versus Ambient Temperature Resistance Readout Uncertainty and Ambient Temperature Effects
9 0.1
Tn 4 ° o0 °C
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Temperature Measurement: Signal Conditioning

Radiation qualification campaign shall test every single component:

« CERN TCC2: radiation of passive components

* Radiation effects are observable on analog and mixed digital-analog
Integrated circuits
« 1 kGy was the target for operational accumulated radiation dose
« Verified in the CHARM irradiation area

Output Voltage (V)

6

Not Irradiated
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———2.50-10" n-cm” - 800 Gy
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Measurement Error Due To ADC (ADS7807UB)
_* il
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2 4
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© | T il
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3 i
‘2 C :.-
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Temperature Measurement: Signal Conditioning

Single Event Effects (SEE) happen in digital circuits, may be catastrophic
(mainly for power components) or produce soft errors.
Soft errors may provoke anomalous readings on the operator screens.

SEU: Output Inverted

Soft errors on WFIP memory
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Temperature Measurement: The full picture 7

It is impossible to check or recalibrate the LHC sensors, however for the cold
mass they are immersed in superfluid helium:

=> In between plugs the temperature is ~ isothermal

=> Most 1600 cernox sensors are within +/- 5 mK
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Liquid level Measurement: Techniques

Hydrostatic head is probably the most robust method for large reservoirs:

Top

ap= [ p(h,T(h), p(h)-g-dh

Bottom

Capacitance mainly applicable to liquid nitrogen (gas & liquid He have similar ¢€)

C=C_+C, =2-7-5,- S ML Fén T

(%)
LHe: & LN2: & P

Liquid shall no go up the bottom capillary!
Design not so trivial.
Assumes density vapor << liquid

LHe: ? LN2: &

Capacitance

LHe: ? LN2:

Load cell

LHe: © LN2: &




LHe level Measurement: Techniques

For a depth exceeding 1 m the best is to use the hydrostatic head.
Superconducting level gauges are widely used

« They work as a variable resistor

Membrane based level gauges are a cryogenic laboratory curiosity
« Based on thermo-acoustic oscillations

 Audible sound pitch change LHe: &IN2: ¢ LHe:SLN2:? o
suddenly on gas-liquid interface oA T 2. (
 Among the sole applications where bleirae o

thermo-acoustics are welcomed! Heater AK —
.\

7/

\

Superconductor

@
{



LHe level Measurement: superconducting wire

Liquid helium level can be measured with a
superconducting wire, it behaves as a variable

resistance. EieeE

. current leads
* Immersed => superconducting => R= 0 ohm K e
* In gas => normal wire => R= length x ohm/cm Heacer 5

I

On the gaseous part the excitation current shall be s
“high” enough to propagate the quench (destruction) B
of the superconducting state. of
On the liquid part the excitation current shall be ;

“low” enough to not propagate the quench.

Excitation current has a narrow range of values.



LHe level Measurement: superconducting wire

Optimal operating conditions depend on:
« the superconducting wire diameter

 the heat exchange with gaseous & liquid helium
e I @ 50 mbar (A transition)
« Il approaching critical point

Platm)

10—  Liquid Hell

40~

Solid He
Upper A\ point
(T = 1.76°K, 29.8 atm.)

o— A-line
Liquid Hel

Critical point
(T = 5.209K, 2.264 atm.)

A point
(T = 2.1720K, 0.0497 atm)

] ] ] 1 Hdges |
0 1.0 20— 3.0 4.0 5.0 6.0
TIOK)
The phase diagram of He*.

resistance [Ohm]
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LHe level Measurement: superconducting wire

For measuring liquid helium level a NbTi SC wire is used

« Typical wire diameter: 50 pm
* Critical field @ 4.2 K is about 8 T => current to quench 800 A!
« Critical current density limitis about 7 A @ 3T, maybe 60 A @ OT

« Typical measurement current is about 50 to 80 mA
« ? How can the wire be quenched????

Voltage +
current leads

e Heating resistor is absolutely required
* Need to raise temperature above 10 K (NbTi T,)
« Wire resistance in the normal state: typ 0.3 Q/mm \
 Quench is propagated by exceeding a certain heat flux

SMD NICR resistor
[ mmm . Eemmm
o 7 oo
\ /
~

Heater
o«

7/

Superconductor

I
|

((

= i 4



LHe level Measurement: superconducting wire 7

The level gauge operates as long as:
« Current is high enough to propagate the normal state in the vapor part
« Current cannot exceed the critical heat flux in the liquid

 Critical heat flux is about 1 W/cm? (0.01 W/mm?)

Voltage +

* Above this heat flux a gas blanket may form along the wire current leads
« Careful with heaters, once the blanket appears it may cause
catastrophic damage! Heater
* For a 50 um diameter wire & 0.3 Q/mm => 72 mA ]
Coherent with excitation current usually being used \gs
SMD NICR resistor =

Nl

e
—9 : / o0
\ /



LHe level Measurement: superconducting wire

In superfluid LHe the position of the SC-normal interface
depends on the power density (peak flux).
Gaseous blanket when density exceeds peak flux.

Open circle data: Fréderking et al (1967) — ]
Horizontal Wire/cylinder Peak Flux
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LHe level Measurement: Perturbations Yz

Thermo-acoustic oscillations induce heat and evaporation
LHC: sensor connected @ top/bottom with pipes

TOP one too long & too narrow => low outgassing pusnes qu\slgl down
agnet:

=> Required consolidation! ; Maiiict 100%
PO 17 GHe .
l‘:f!:vl Exhaust W?J F ——————— ML e
B e ] N
it 20 m 3 I Regulation Setpoint
/" /4 Outlet Capillary = | TN B T e
Fill Material |/ % E T gl _ _TopofCoil
UU U
0% T l T
08:00 10:00 12:00 14:00 16:00
6 Dec 2007
2 1 l T T
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Pressure Measurement: Basics

Cryogenic facilities require to measure:

Insulation vacuum in the range
10 (ie 10°° mbar) till 1 bar
 Based mostly on thermal &
lonization effects
Cryogenic fluids in the range
0.01 till 25 bar
« Based mostly on mechanical
displacement
Accelerator beam vacuum
10° mbar & lower
Out of scope.

@)
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Pressure Measurement: Vacuum

Pirani gauges:

Measurement range: 104 till 2000 mbar

Heat loss: conduction + radiation + convection

Filament temperature set @ 293 K

Enclosure

Support

—
Qend

q Qconv

Filament

| Qgas=f(p)

Qrad

Support

—)
Qend

Radiation hardness 107 Gy with remote electronics
Cable is part of the sensor => calibration for lengths exceeding 20 m

Accuracy: +/- 30 % of read value

Controller

~ Vour

Gauge

Vacuum

Twisted pairs
single shielding

~500m

Courtesy N. Chatzigeorgiou (CERN)



HV triaxial cable y

Pressure Measurement: Vacuum o
~500m

Penning gauges: i

- Measurement range: 1011 till 20 mbar \ — !

- lonization of gas molecules < discharge current s (&

- current range 10°-10'? A (impedance !) WS

- Cable is part of the sensor => calibration for lengths exceeding 20 m
- Accuracy: +/- 50 % of read value

Original Penning cell Inverted magnetron (higher sensitivity)

Cylindrical anode

Cathode ‘ Magnet

3 kV
O E

3 kV i I

| T Cathodes T
1 Magnet

1

S

Z

N
'a/f’ 4

ZUS

/

g A\

Courtesy N. Chatzigeorgiou (CERN)



Pressure Measurement: Fluid range v

0.01 to 25 bar (or more) measurements are typically based on: AB% —C:_’

» Elastic deformation of a “thin” membrane/diaphragm o e -

« Elastic displacement is measured through:
e Strain gauges %‘$+§ —FE_
« Capacitive or inductive displacement sensors L

- Excessive pressure across membrane hoic o U
 Inelastic displacement => permanent damage g}‘ 4@?5;@)
* Burst => membrane destruction => loss of containment e SPIRAL BOURDON TuBE

“smart” industrial sensors are suitable for most applications

Absolute Pressure Sensor
Pressure

i

Gauge Process pressure Ambient pressure &

Differential Process pressure 1 Process pressure 2 | | — o —
Absolute Process pressure Vacuum O\®



Pressure Measurement: passive types — strain gauge based

Operation in cryogenic conditions or in radiation => passive sensor.

Passive sensors are becoming a rarity, most manufacturers embed electronics.

Smart sensors embed temperature corrections to improve accuracy:
« Passive sensor + temperature + correction formulae ~ smart sensor

O

P

el

Strain Wheatstone bridge based sensor g

-

VACUUM

L
5

_/—E
/—{

N

’
et
T

A

N

Process Inlet

A 45

B +Vout

Q‘etallic strain gauge

pressure residuals [bar]

-0.02

-0.04

-0.06

0[]
0.06 — °10[Cl
23[C]
0.04 — .30[q
° 40(C]

0.02 —
*50(C]

0.00 eweasst:

p
L
.'..

[ ] L
............

-0.08

10 1

5 20

pressure [bar]

25



Pressure Measurement: passive types — variable reluctance

Variable reluctance sensors use comparatively larger membranes and can be a
good alternative to measure saturated LHe-Il pressures.

Furthermore are based on magnetic components that usually are very robust in
radiation environments.

However the connecting cable is part of the sensor
= calibration in-situ or with “final” cable

DIAPHRAGM GAP2

coi L1 oI L,

% A L e e

/ \ B g i M
: \;} : ‘% AC CARRIER
: R : .

7 £ CORE L,---_z _____ : L

N TRANSDUCER CARRIER DEMODULATOR
Sensor made by NICHE / "GN

wes/ S Validyne sensors



Reference Pressure [mbar]
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Pressure Measurement: passive types — Cryogenic conditions 7

Cryogenic pressure measurements are desirable when measuring fast
transitions, avoid capillary hydrostatic head and time response reduction, etc.
Resistance bridge based sensors have been reported to work properly, however
they are not manufactured any more (Fujikura, Siemens, etc.).

Unfortunately qualifying new sensors for cryogenic operation is very tedious.

Constant voltage excitation 20 | ‘ | ‘

20000 ‘
18000 « : 2 Baumer (LHC type)
16000 o Foreseen for warm applications
14000 [— /\% R
12000 = A e
10000 |- 18 - | E 0

o 1,000,000,000 2 = ‘
8000 4 ,

' p /@/ < ambient T
6000 & i 100,000,000 a
4000 - b o 042K
2000 [ o000 a 5 — Linear (ambientT) —

o BT Sromon — Linear (4.2 K)
0 200 400 600 800 1000 1200 1400 1600 1i S ‘
Voltage [mV] T oo 0 de
[=Ts]
S 1000 < 0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014

Merit strain gauge based sensor “ Voltage [V]
1 GQ imp@dance @ 4.2 K ' Te::\perature[K] “

=> Stray capacitance limits bandwidth (1/(R.C)) Constant current excitation
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Pressure Measurement: peculiarities for cryogenic equipment 7

Pressure sensors require routine calibration, may fail and require replacement.
=>most applications install warm conventional sensors and the process pressure
IS connected via sensing capillaries with a wide temperature gradient.
The sensing capillary introduce artifacts due to:

« Hydrostatic head (depends on temperature/density profile)
« Thermoacoustic oscillations

* Pressure drop due to fluid flow

« Additional dynamic pressure if it looks like a Pitot tube

« Limits the measurement frequency bandwidth

Time [ms]




Mass Flow Measurement: Basics

Flow measurement is an essential tool for many industries and public utilities.
In cryogenic facilities flow metering is used for

» the assessment of cryogenic loads

* process monitoring and control

« detection of faults and wear on pumping machinery

Apart from oil contamination in the ambient temperature circuits, most of the
gaseous fluids used in cryogenics are pure, clean and are well described by the
Ideal gas law. Oil contamination can be a problem for hot wire anemometers.
However when a fluid rate is to be measured at cryogenic temperatures care is
necessary in order to avoid the presence of two-phase flow or cavitation.

The main fluid properties for gas flow rate meters are: temperature, pressure,
density and viscosity

N/



Mass Flow Measurement: Techniques

There Is a variety of technigues, some suitable for cryogenic conditions (5%):
Positive displacement (accumulated volumetric flow)

Variable area or rotameter

range-ability

Pressure Straigh Cryogenic

Thermal ¢

Differential pressure %

VO rteX Ultimate

Coriolis ¢ aeetrasy

. orifice 1-2%

Turblne * venturi 1%
V-cone 0.5-1%
pitot tube 3%
variable area 1-10 %
positive displacement 1%
thermal mass 1%
turbine 0.30%
vortex 0.75%
target 0.5-2%
Coriolis 0.30%

medium
medium
medium
medium
medium
good
good
good
medium
low
good

loss Piping  Service? Helium
High 10-30 D Possible low
Low 5-10D Possible Cryo: Size! high
Medium 3-5D  Possible medium
Low 20-30 D Possible low
Medium  none No low
High none No medium
Low none  Possible medium
High 10-20 D Possible high
Low 15-25D ? medium
Medium 10-20D ? low

High none  Possible Cryoor HP high



Mass Flow Measurement: Basics it

The transport of fluid through a pipe is described by the equation of contlnwty (1),
Bernoulll s theorem (2) and the Reynolds number Re (3). | |

(1) + V(p.¥) =0 non compressible => volumetric flow conservation | 7 =

o, and v are respectively the fluid density and velocity. j 4
2 v |

v 5 ’
(2); p 7 +p + p.g.Z = constant non compressible & no viscocity 1 N

P, g & z are respectively the pressure, gravity and
vertical distance ——

Velocity Head

5
|

i

Eleva

The Reynolds number R, defines the flow regime: ,.
(3): R, = V-D/, g
D & v are respective the pipe diameter &

n Head

v

Radius
Radius

kinematic viscosity. Flow regimes are laminar, L°”g"”"'"i_"_;'%%‘é‘fReyno.dsNurkfe??lﬁ;‘@“”"
Intermediate and turbulent. )

Laminar Flow (¢ Turbulent Flow



Mass Flow Measurement: Basics

Most flow measurements require non-perturbed flow

= Requirement for minimum length of upstream & downstream piping

— Straight piping shall be smooth (it means no valves)

= Cost of piping need to be taken into account, in particular for large diameters.

1 2 e
= =2

16)<DN |

[
|

// <! < |
.
Separation point /%R

Reverse flow

Separation

N :
A =
=wwwweeeh EW2

o ) EP2

P1 =1 .

T - L]

From ABB: industrial flow measurement

Eddy water area 2
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Mass Flow Measurement: Differential pressure 7

Differential pressure flow meters are widely used in both ambient and cryogenic

con d |t| ons. Ije{s’“re &S pipe Tap Throat Tap
The volumetric flow is: ] F.\JM
+ ow
\/ 2(p1 — p2) N
Q=C- 7 D2 | - /\
D1 4 Orifice Venturi
6 1 - (D_) Pressure Taps Static Tap Total Tap
\ 2 == H ) .
The flow Is overestimated because non-reversible > — >
processes are ignored. , .
The discharge coefficient factor C (it is a multiplying veve T
factor) is added to improve accuracy. It is an empirical s e
term that corrects for friction, geometrical contractionor s~ ;|
imperfections, etc. SN ’! A
ITER venturi flowmeters =, - T —
discharge coefficient => 17 ot ok

0 50 100 150 200 250 300 350

Varln et al (2019) l Mass flowrate (g/s)
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Mass Flow Measurement: Differential pressure 7

ITER has foreseen the use of more than 200 venturi flowmeters to measure the
cold flow on the tokamak magnets, their temperature range is 4.2 to 6 K.

ISO 5167 describes the manufacturing and uncertainty calculations for venturi
and orifice flowmeters.

In CERN cryogenic facilities Venturi and V-cone flowmeters read respectively the
ATLAS and SM18 test benches current leads flow and many orifice meters are
deployed in the refrigerators.

Venturi flowmeters for cryogenic applications .. Venturi for LHe metrology.
require extremely tight dimensional Manufactured by Colonett (IT)
tolerances due to their small size.

T ™
g5 e 5 0 67 €8]9 o]

s o gl a1 0 11
il "iﬂ;mrmhmh;nlmduuhmmuuduuluuhmlu



Mass Flow Measurement: Thermal 72

There are two main types of thermal flowmeters: T T,

* heat loss from a heated element (resistance ’ ;
wire, thermocouple, etc.) to the flow stream >

q = AT |k + 2/kC,prdv| ' King equation

k,d and v are the fluid thermal conductivity,
wire diameter and fluid average velocity

« temperature rise of a fluid passing over a
heated element

Heat Sinlf(

N
y

:
SR
:
: -
ot
Q\ -
L.
;
O f
N .
f,:
’/
. :
L4 1
’ "

Capillary Temperature

v

/%4 T Ty

m = —— = power / enthalpy difference Longitudinal position

AH
Thermal flowmeters are widely used to measure y
™~

gases above 273 K. I -
Heaters, temperature and pressure Sensors
permit to estimate flow along cryogenic lines. S

N L r
Beam screen
¥ 1 r 1

_®
®
i

A

©

i I e
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Mass Flow Measurement: Thermal

Output signal depends on gas characteristics.

For most application GN2 is an adequate surrogate of F@
calibration fluid for GHe applications. :
Conversion factor depends slightly on vendor or model. :

Exist also as thermal mass flow controller. 5 : ,
WEKA Is developing a device suitable for cryogenic Longitudinal posiion
operation.

From Teledyne-Hastings



Mass Flow Measurement: Coriolis

As It is Indicated by its name the Coriolis flowmeters are based in:
FC) =—-2mw X7V Coriolis force 7 =
w and v are the tube angular motion and the flow velocity.
The Coriolis forces (flow) are of opposite directions e 2
=arm twist amplitude depends on mass flow e
Excitation coll induces vibration at natural frequency e foree
Left and right pick-up coils measure twist

Phase shift is proportional to flow rate

W Tube
. oscillation

oscillation

W "4
Fluid force

Signal conditioner (it is a computer) makes correction for:  serownoom
« Changes of elasticity (Young modulus)

* Dimensional variations W\/\/\A/
Corrections rely on a temperature sensor

=temperature sensor saturates @ about 70 K NN /X \/\ \
=CRYO =>replace with “fixed” value and perform corrections. |/ \// VAV




Mass Flow Measurement: Coriolis Yzt

Mass flow rate is not affected by the tube vibration frequency.

However vibrating at the natural frequency has two advantages:

« Least amount of energy to keep the tube vibrating (as a tuning fork) B

* Natural frequency depends on the mass contained within the tube
* Fluid density p can be measured

Natural Frequency «

1
/\/Mtube + p.Volume \/?
Wy = ] —
™m

Coriolis flowmeters are best suited for dense fluids, they measure

the mass flow rate directly and have a turn down ration better than 100 x.

For warm helium service Coriolis flowmeters are limited to high pressure (> 100
bar) applications due to the relatively large pressure drop.



Mass Flow Measurement: Coriolis

Coriolis flowmeters can be used for liquid and supercritical helium.
Calibration is performed with water as surrogate fluid.
Cryo applications require remote electronics:

&N

« 10, 300, 700 or 1°000m cable length have been shown to not affect the reading

« Suitable for accelerator applications => deployed in the LHC
* Flow measurements on some beam screen circuits and QURCs

CMF 010 used in the LHC beam screen circuits

05

04

Range 27 g/s
LHC cryogenic range 1.5 g/s

Accuracy is limited by stability of ZERO

0.2 ]

)

—-— 60:1

T | 1 | 1 | 1 1 | 1 | 1
0 10 20 30 40 50 60 70
Flow rate, % of nominal

Cryogenic range due to pressure drop




Adding Heat: Electrical Resistors

Electrical heaters used to evaporate liquid helium, perform calorimetry tests, etc.

For precise heating measurements it is preferable to assume that heat is only
transferred from the heater body; however:
« Wires are required and they do transfer heat:

* Cross section as small as possible to reduce conduction heat transfer

d=-k(T)-grad(T)

« Cross section large enough to avoid burn-out due to Joule heating
« 4-wire power measurement if you are able to estimate previous 2 terms

The current-carrying capacity of a wire is the amount of current the wire can
carry in its operating environment without causing the insulation temperature to
exceed its rating (usually never higher than 200 °C).

N/



Adding Heat: Electrical Resistors — Wire Current Capacity 7
Wire temperature increase from 22 °C depending on wire size and current
In vacuum: .
P(Twire)- 1
1000 - | e.0.(Twire = Thackgna) = —5 =73
< I wiemmz 5 B3 2808 0|3 ﬁl 5 = % 2 € emissivity (0.9)
X, 900 — wieszenwe: 2z gmex o2 o o . & 27 g:5.67 108 [W/(m?2 K4
Q I s / r: wire diameter
Y I . Assume infinite long wire
O ST (S /o) &
= SISTN & 7
w 100+ <
b B )
S 5 W e
Q_ 50 B 6\/;5'_ DRUFLON INTERNATIONAL
E B '/\ ‘bb\ Properties of PTFE and other Insulating & Jacketing Compounds
GJ / S Q- P rti PTFE CRPTFE FEP Polyimide Pol th PVC
I_ | N roperties olyimiae olyurethane
Y- (0} Kapton Elastomer Elastomer
% G A LR LR T TYPICAL VALUES --ccccccccmammmnnnannnn >
/ Y' @K Physical and Thermal
NN :
/ OMnde Enourance Tompersire dog0) 315 28 200 a0 150
10 | ‘ ‘ | : L | | | Melt Temperature (degC) 3z7 z7 285 Mone 140 175
1 5 1 50 100 500

Current [A]



Adding Heat: Electrical Resistors — Wire Current Capacity

Electrical wiring is mostly used in bundles.
Bundles reduce the current carrying capacity => derate by at least 30%
Overheating is catastrophic:

. 1
* Sputters plastic or metal ) o
B i~ EE
« Damages turbo-molecular pumps,.. s .
e |E (1
z 8 [ T T T T T T T T T T T T T T T T o7 :EE'
% B _E o6 I I
i ©os " ———n
: of :
I 04 —
O | ™~ ——
03 N \
4 -— 0.2 - EEH"’“‘
' ECSS 100% loaded —— - ——
[ 0.1 _q
i ]
2 n i 20 an &0 80 100 120 140 160 180 200
B Number of wires [N] ==
Figure 3 Comparison of the bundle derating versus number of wires (N) for several standards.
JERG? derating is less severe (~0.3-0.4) for 100% loaded bundles compared with ECSS' except for
bundles wrapped in MLI.

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
8. D D . 2 D . "'-1- D . 5 D . 8 1 . D From: “Derating Standards and Thermal Modelling Tools for Space

) ) ) Harness Designs” ICES-2015-59
Single Wire Cross section [mm?2]



Adding Heat: Electrical Resistors — Voltage rating

Vacuum and liquid helium environments have good dielectric characteristics.

However gaseous helium need care in order not to exceed the dielectric
breakdown voltage!
« Depends on closest distance between bare conductors

Check warm electrical feedthrough!
e Gaseous helium pressure

S
=,
=

Best is to not exceed 100 V L
Remember 100 Vac =>141 Vdc p-p
GHe will catch the peak!

Dielectric breakdown protection require D
extremely fast fuses. 0.1 ' ' . -
0.01 0.1 1 10 100 1000

0 .d[bar.mm]

(Winkelnkemper et al)

= i 4



Adding Heat: Electrical Resistors — Heat Transfer Density

Transfer of heat to liquid is done

through (increasing heat flux density): , T

\ D =.055 cm~l_ /

« Convective heat transfer | 02 136 e |

‘ D= .215 cm. ]
100 |— _ D=.312 cm:
=

* Nucleate pool boiling T

Experimen tal critical heat
critical heat flux

g
»1
o
2
a

 Film boiling o T |

Y

Correlation

7|

L

=g
T
|

Eastman & Dutarsl\ \;/ S v
]

, watis/cm?®

- |
A

Karagounis
¢ / P=la

I\D":*o'l cm.

7~D> 1.0 cm.

Heat will always be extracted: 1 | TI=Z fim'|

Nucleate Y, 4 7 — Regikis l e

~D=.04 cm.

O.1

N

—> Heater too small - {Fomar f L estam| |

= Very large temperature rise // gt ooy ot e

Correlation correlation of Lienhard &

Lyon

Wong or of Zube

inimum film

r, etal.)

teeber

vd

= burnout )
/

y

£
7/

.00!1 R
0.000iI 0.001 0.0l 0.10 1.0 10 100
AT, °K

For immersed heater in LHe do not
exceed the heat density of 1 W /cm?.

1000 10,000 100,000



Actuators: Regulating valves

The flow coefficient (K,) describe the relationship between the pressure
drop and the corresponding flow rate (IEC 60534)

K, Is the m3/h of H,O at 5-40 °C flowing at Ap = 1 bar
Non-compressible volumetric flow though a valve:

Q= Kv\/Ap-pwater/pfluid

Cryogenic valves are characterized by long stems with thermal intercepts.
Knowledge of fluid parameters permit to recalculate flow (virtual flowmeter)

100

eq. % 1:100 mod.
50

- - e |inear

Kv-value [%)]

0 50 100

valve stroke [%]



Actuators: intelligent valve actuators

CERN cryogenic facilities are using SIPART intelligent valve positioners:
* Reduce air consumption

* Provide fail safe operation & diagnostics
 Adjust position according to potentiometer A Ry A et

Piezo Valve l Exhaust
Move towards I(>
LHC version: split design to cope with radiation
Remote Electronics  Electro-pneumatic Unit Ehaust
24Vdc 24Vdc
" c I Piezo Valve [ I - | Exhaust
ove away from N E— 1 [ —
e | — 4 ‘ | — 4_4‘
T nrmF)S|t|on iy | — F
o e ' h
S 3 InflaFsc | ¥ i i
. E L; E Actuator ii [\Jii
4-wire for two o< 3 : o ] T
) piezo miniature valves a2y P'esj‘:;rr'ze‘j ¥ h Exhaust
§+ 3 wires for rotary pot ||




Actuators: intelligent valve actuators

LHC split SIPART intelligent valve positioners:

» Electronics in radiation free area .

« Piezo actuators & rotary valve potentiometer Testedt 16 miovd sottators
exposed to radiation “cooling” => 111 days without radiation

« Interconnection cable length up to about 2 km AL S O

Piezo actuators qualified to HiLumi operation A\ :smse (@) seireas (/) :noraiatoncamaae

OFF g . ON g Laborat M ________________________ :
T 28 A 28 rator : ! mT l i i W‘ -------- |
»—r:|—< ol £ %—« i £ ano a 0 y : ! | | 111114V159 A :
= g I = d Functional _

< test [ i, o I et R Bl ot SO S UL S

| | R IR (SR SO O i o e

o 240614H1741
No Flow T ¢ ? % AM@
Air Supply FlowON  AirSupply E D i
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Radiation test =2

Pressure
W Re

r
50910Q67 | O1114TI21T AN
1 ] 1 1

l Co-60 source ! ! ‘ f .
& Piezo Valves 0 100 200 300 0 100 200 300

0
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Reading Material 7/

- J. Casas, "LHC thermometry: laboratory precision on an industrial scale in a hostile
environment: tutorial 52," in IEEE Instrumentation & Measurement Magazine, vol. 17, no. 1, pp.
57-64, February 2014, doi: 10.1109/MIM.2014.6782999.

- F. Pavese, Lessons learnt in 50 years of cryogenic thermometry, Chapter in “Cryogenic
Engineering: Fifty Years of Progress”, Timmerhaus and Ross eds., Springer, New York, 2006,

ch.10, pp. 179-221.



