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e Describe the physics and engineering of He Il (superfluid
helium)

 Show some He Il cooling options for large scale
accelerators
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He Il (Superfluid Helium)

e 2" ]jquid phase of helium (hence He Il)

* Phase transition is 2" order (no latent heat) but
there is a discontinuity in the specific heat (A
transition)

¢ Tkmax - 22 K

e Has unique thermal and fluid properties
— High effective thermal conductivity
— Zero viscosity under certain conditions
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Why use He Il in Accelerator Systems?

UNIVERSITY

* The principal reason is the lower temperatures
* Lower temperatures (< 2.2 K) allow:

— High critical fields and currents in superconducting magnets.
This allows higher energy beams in existing tunnel geometries
(LHC) Bending & Focusing the beam

— In SRF applications, lower temperatures mean lower surface
resistance and thus more RF energy for beam acceleration and
less for heating the cavity & helium Accelerating the beam

* An additional advantage is the very efficient heat transfer
mechanismin He Il

— This results in no bulk boiling which reduces microphonics in SRF
cavities

Summer 2021 He Il J. G. Weisend Il 5



EUROPEAN
SPALLATION

LHC NbTi Wire

UNIVERSITY

Courtesy L. Boturra of CERN

Note . 100,000
Improvement in B 100,000}
and Jc 10,000 |
@ T _ 1 9 K 10,000¢

1,000 |
1,000

B[]

(9]
—
6}

Jc(5T,4.2 K) =~ 3000 A/mm?2

[§)
o

Summer 2021 He Il J. G. Weisend Il 6



SOURCE

SRF Cavities: Surface Resistance, curopEn

NIPE  Frequency and Temperature

* The RF surface resistance (which we want to minimize) of a SRF cavity is
given by:
1) -
_ (-D(T)/KT)

* The surface resistance goes up with frequency and down with temperature:
lower temperature equals less resistance, particularly at higher frequencies

* He ll refrigeration is more costly (due to Carnot & machine inefficiencies)

* Generally speaking, removing 1 W at 2 K is the equivalent of removing 3 W
at4.2kK

* Whatis the optimal temperature?

— Above about 500 — 700 MHz you win by operating below 4.2 K ( typically 1.8 — 2 K)

— At lower frequencies (e.g. 80 MHz) you are better at 4.2 K thermodynamically but there
may be other considerations (FRIB)

— Between these limits it’s a fairly broad minimum. Most systems operate ~2 K—He ll
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Whatis He ll ? ™
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e A “Bose — Einstein like” Condensate

— A fraction of atomsin He |l have condensed to the
guantum ground state

— He Il was the first of these condensates discovered
— The only one that has significant industrial applications

* The properties of He Il can be understood via the two
fluid model

— Note that a similar modeling approach is seen in
superconductivity
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Two Fluid Model =
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* He Il can be thought of a 1.00
fluid with two
interpenetrating
components:

— Normal fluid component
* Finite viscosity
* Finite entropy

— Superfluid component
* Zeroviscosity 0
* Zero entropy

 The interaction of these
Relative Densities of Superfluid and Normal

components can explaln fluid components
He Il behavior (From Helium Cryogenics — Van Sciver)
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Quantized Vortices -

(or does He Il at 1 K rotate in a bucket)
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At 1K Hellis almost entirely the superfluid componentand thus has
almost 0 viscosity. This would imply that He at 1 Kin a spinning
bucket wouldn' t rotate but it does. What s the answer?

— The vortices are quantized: h
C=|[V,-dl=n—
m

e Solves rotating bucket problem

_ Inthe body of the fluid: ~ V°V, =0

— Atthewall: V?V_ %0
* This has been experimentally observed

* The quantized vortices in the superfluid component are an
important part of heat transfer mechanism in He |l
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Direct Observation of Quantized Vortices curopem

via Electron Trapping
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Heat Transfer in He Il
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* The basic mechanism is internal convection:

Q

q

Ty T,

* No net mass flow
e Note that this is not conduction or classical convection but
an entirely different heat transfer mechanism

* This can be extremely efficient (more than 1000x better
than conduction through copper)
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Heat Transfer in He |l
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* There are 2 heat transfer regimes:

— V<V

(osd?)T dT

- V>V

pn,  dx
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* Mutual Friction Regime (quantized vortices interact with the viscosity of the

normal component

q:

f‘l(P,T)d—T

dx

%

e AsV "~ d?¥4(cgs units) the mutual friction regime is applicable
in most engineering applications of He Il

Summer 2021
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Heat Conductivity Function e
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He Il Heat Transfer Limits
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* InpressurizedHell: T, mustbelessthanT,
* Thus the peak heat flux g* is:

e At1.9Kand1bar:

q*LY3 ~ 15 kW/m?>/3
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Peak Heat Flux (g*) in Pressurized He I
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Limits on He | EURopEN,
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Heat Transfer

* |n saturated He ll, the limit is
given by the local saturation
temperature & the degree of
local subcooling

* Inthe ILC cavity He vessel
this works out to about 1
W/cm?2or ~ 30 W total :
through the connection tube

— More heat than that would
require a redesign — LCLS Il
* Exceeding the heat transfer
limits in either the saturated
or pressurized case results in
conversion to He | and Eo\ ;
boiling at the heated surface SR, = SN SN
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Surface Heat Transfer e
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Heat transfer from a surface into He Il is completely dominated by a

fundamental inefficiency in moving energy from the surface to the
fluid

This effect exists but is not important in standard convection
problems
— Normally we assume T, = T;,, but this is not true in the case of He I

This surface heat transfer effect is described by Kapitza Conductance

— Forg<1kwW/m? q= hKATS

g = a(Tsm _Tbm)

— Forgq>1kW/m?

h . a and m are empirical and dependent on material, temperature and surface condition
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Surface Heat Transfer
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Kapitza Conductanceis independent of flow rate does forced convectionin He |l make any
sense?

Yes! Forced convection has the effect of reducing the maximum temperature in the He Il
and thus allowing more heat to be transferred before reaching the peak heat flux
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= Despite the presence of the superfluid component, in

almost all engineering applications He Il behaves as a
classical fluid. This includes :

* Pump performance

» Except cavitation in saturated He |l
* Pressuredrop in tubes, valves, bellows and fittings
* Flow metering techniques

" This is likely a result of the quantized vortices in the

superfluid component being coupled via mutual friction to
the normal fluid viscosity

* However, keep in mind that the unique heat transfer
properties still exist as described.
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He Il Fluid Dynamics
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 He ll does behave differently in cases of:
— Film flow

— Porous plugs

— Two — phase flow (liquid/vapor) due to the large density
difference between liquid and vapor in the case of He Il
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Second Sound
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* The two-fluid model predicts and experiments show that temperature waves
may be established in the He |l due to oscillations in the local entropy. These
temperature waves are known as second sound as they are analogous to
density waves caused by pressure oscillations.

e Recall that the superfluid component has zero entropy

Table 6.2 Comparison of sound propagation in He II From Helium Cryogenics S.W. Van Sciver (2013)

First sound Second sound
Driving force op oT
Propagator op 0§
Density (p) Wavelike ~ constant (p,V, &~ —psVy)
Temperature (T) ~ constant (v, & V,,) Wavelike
Speed .\ /2 i 1/2
Py = (H) ~ 240 m/s 5= (53 -C—) ~ 20 m/s
Relationshi 2, — &p 2T — Po &
Summer8021 V P= 51-5- He Il J.G. Weisend Il v s’p, O




@ curopen
Second Sound
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 Second sound can be IA
detected via AP \/\
— thermometry (either time or r \
flight or resonance
techniques) ctris i aiimiete
— Oscillating Superleak G bl s
Transducers _

e Secondsound is attenuated

by mutual friction and has
been used extensively /

AT
guantum turbulence

* More recently second

sound has been used to Piiiiriiitiiiiiiil:
locate quenchesin SRF EREERS RSN SR
cavities
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Typical He Il

Refrigeration System

He Il (Superfluid Helium) S. W. Van Sciver,
in Handbook of Cryogenic Engineering,

WARM VACUUM PUMP or
COLD COMPRESSOR

A

%

COUNTERFLOW
§ HEAT EXCHANGER

E{JT VALVE
4 N\
SAIPRmTED
= e
T=1.8 K
PRESSURIZED ‘\\“—————SATURATED BATH
S He Il o HEAT EXCHANGER

Summer 2021

He |
T=4.5 K J
\

Note: This arrangement for a case in which
pressurized He Il is required - typically a S/C
magnet application

For SRF systems, such an arrangement ends
at the saturated He Il bath

Internal convection is the heat transfer
mechanism within the He Il itself
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Accelerator Systems

 There are 2 general approaches to proving He |l cooling in large
accelerator systems

Discrete Cooling: He Il is created at each individual cryomodule or magnet -
A heat exchanger and JT valve exists at each component.

Advantages:
* Flexibility
* Lower overall heat leak to the He Il space

Disadvantages:
* Cost

This approach is used in ESS, SNS, FRIB, 12 GeV
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He Il Coolingin Large ¢‘

Accelerator Systems

Continuous Cooling: He Il is created at a refrigerator or at the start of
a string of components and then distributed to individual
components.

Advantages:
* Less expensive

Disadvantages:

e Less flexibility
* More heat leak to the He Il space
* May not be able to handle high heat loads in individual components

This approach is used in LHC, XFEL, ILC
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He Il Coolingin

The European Spallation Source
(Discrete Cooling)
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Auxiliary Process Lines
Helium recovery line <1.1 bar, 3-300K ]
. ]
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Summer 2021

G'H"UE
GUU1

T +m

He

R S—
%

— |

EUROPEAN
SPALLATION
SOURCE

Each cryomodule
has a dedicated
HX and JT valve
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Elliptical Cavity Cryomodules

» Similar to CEBAF/SNS cryomodule concept with 4 cavities per cryomodule Regulation He valve

=  Common design for medium (6 cells) and high beta (5 cells) cavities

Thermal Alignement fiducial “ Vacuum

Jumper connection shielding valve

Magnetic

Spaceframe shielding

support \

Diphasic He pipe i‘

r Heat exchanger
i

Proton Beam

Cavity with
Power coupler Helium tank

Intercavities
belows

Cold to warm
transition
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Large Hadron Collider oA
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(Continuous Cooling)

Saturated He Il, flowing Heat exchanger tube

Pressurized He I, static

SC magnet Helium vessel SC bus-bar c:nnnejg:tinn
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& Large Hadron Collider
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LHC DIPOLE

CROSS SECTION L e i ) Alignment targets
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He Il Coolingin
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The European XFEL SoURCE
(Continuous Cooling)

Up-graded HERA plant

£ 9

Simplified flow scheme

EEEIE . . _ o .
DB-box simplified 40K -> 80K shield circuit (in series)
‘ moved to XSE 5K -> 8K shield circuit (in series)
T OTII I : # 2K circuit (supply in parallel,return in series)
H0R0 K return, shield coaling B 480 K hield cooling
AED K fi_'ur-.l.'ar‘d‘: ek 1 R K ahr_u:.u'_d_ ) Ak kead conline
» 8 K retum, shield cooling L & Ko retum, shield cooling
' |5 K forward 5 K forward i
JTHEX _ 2.2 K forward JTHEX - 2.2 K torward
2 B returmn 2 K re
- —
JH U
g Injcctor 2 module strimg 9-1
(net shovwn)
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He Il Coolingin LCLS I
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e LCLS-lluses a version of continuous cooling

— 2/4 K heat exchanger at the at the distribution boxes in the start of
each linac (upstream and downstream)

— Distribution of 2 K pressurized He throughout each linac
— Individual JT valves at each cryomodule

— Individual 2 phase lines at each cryomodule

— Shared low pressure gas return line in each linac

 Why the difference?

— High dynamic heat loads in each cryomodule and tunnel slope make
this an optimum solution

* Otherwise, very large flows of two-phase He Il would be required
* Tunnel slope makes individual 2 phase lines at each cryomodule desirable
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Cryomodule in a series- connected string

40 K thermal shield return (F)

«<
- 5 K thermal intercept return (D)
—— 300 mm pipe (B): 2 K vapor -
>y A ! >
2.3 K, 3 bar supply (A | N Blesad |
to adjacent l 2 K vapor ’ to adjacent |
cryomodule 2-phase pipe (G) 2 K liquid : cryomodule |
M N B &

l | ¥ cool-down/
T warm-up

RF lRF]HRF][RF RF] RF][RFJ[mannot

l
TA‘TT

I valve
Cool-down/warm-up line (H)
5 K thermal intercept supply (C) "
>

40 K thermal shield supply (E)
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Cross Section of LCLS I

SRt Cryomodule

Cold mass fixed/sliding support

Changes from ILC/XFEL design

Support post

Cooling pipes Vacuum vessel * Larger 2 He Il Chimney
R Thermal shield * Larger HGRP
HGRP N * Individual JTand Cooldown
,,/ _ W\ valves

2-Phase pipe ; \ cavitysting | = No 5 Kthermal shield

] * Higher heat load

¥y .. g/ * Fewer cryomodules
\\‘ )
D
Main coupler

Adjustment support vacuum manifold
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He Il Summary
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 Hellis a unique fluid that displays guantum behavior on a
macroscopic scale

* He Il has significant applications in large scale cryogenics for
scientific research & has become the most common
approach for cooling SRF systems

* Depending on requirements, a number of different cooling
arrangements exist for SRF systems
— All start with internal convection within the He Il bath

* Despiteits unique properties, the use of He Il in industrial

scale engineering applications is well understood and
significant experience exists: ESS, LHC, Jlab, LCLS ||

Summer 2021 He Il J. G. Weisend Il 36



