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A typical cryogenic system

&
QED A

» Goal: provide a low temperature environment
* Needed: source of refrigeration

* What to obey:
— Heat transfer

— Thermal insulation Radiation
shield \

— Heat exchange | |
— Structural support 1 & C l—— | Qradiation
— Instrumentation | |

and controls ams
_ /

Safety Vacuum

Qconduction

Skt
e, e

@ =255 Ralf Eichhorn | CLASSE | Comell University ~ MEPAS2015  11/19/2015 2
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Cornell Laboratory f L t‘ t rt
z Ag::leerat;r-(t):s:;ySc(i):nces and Education (CLASSE) e S s a easy

» Let us take a piece of metal and cool it down
 How much heat do we remove?
e Q=m-c-T

e Orif c isnot constant:

e O =mf;ifc(T)dT

* Two questions:

— What temperature does
the metal have?

— What property of the metal
did we change during cool- ¥_—_,)\

down?

T, = 300 K

T, = 80 K

Liquid nitrogen @ 77 K

SO,
e, e

@ =25 Ralf Eichhorn | CLASSE | Cornell University ~ MEPAS2015  11/19/2015 3



SN ~
D S o e st Bducton (LS Laws of thermodynamics (l)

« 0% fundamental law of thermodynamics:
bodies in thermal contact have the same temperature
« 18t fundamental law of thermodynamics

The increase in internal energy of a closed system is equal

to the difference of the heat supplied to the system and the
work done by the system:

1
dU =dW +dQ U=—2El.
n

...more to come later

@ =% Ralf Eichhorn | CLASSE | Cornell University ~ MEPAS2015  11/19/2015 4 ®
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« Specific heat is more generally
defined as

dU ds cm 1
CV — d_T Cp — Td_T
% p
e C, — Cy = 0for solids and
incompressible fluids R
. oD J 0 T 300
Cp— Cp~R=831—"— \ (K)

for gasses

Ralf Eichhorn | CLASSE | Cornell University MEPAS2015 11/19/2015 5 ‘



9 Cornell Laboratory for
/s Accelerator-based Sciences and Education (CLASSE)

¢, usually decreases by an

order of magnitude from
room temperature (RT) to
77K (LN,)

Down to 4 K (LHe) there are
another 2 orders of
magnitude!

General characteristics:
- Cp~ const. at RT

- Cp~ T3 for T<100 K
- Cp~ T for metals below 1K

Specific heat at low temperatures

Specific heat, Cp [J/(g K)]

10" g
10°L
107k

1021

[ Glass/resin

Glass/resin

Stainless steel 310S]

(SS)

Ralf Eichhorn | CLASSE | Cornell University

Temperature (K)
MEPAS2015  11/19/2015
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> S
Q5D RO

* Materials change dimensions
with temperature

 This is captured by the i
expansion coefficient (CTE): o T

() ey Ralf Eichhorn | CLASSE | Cornell University MEPAS2015  11/19/2015 7 *®
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gg::leelia];;:ggzt:;ysi?:nces and Education (CLASSE) C T E Of s o m e m ate rl a I s

0

_"I’I""l"'“'l""lljlj‘l"' | 0IIIY[IYTITIIIT]TTIIIIITI]IL‘-
v F "\ Fe-36Ni (Invar) ] - il
2 o1k i, " S = = i
e ! AISI 633 ph- = 2 01 pae o ez —
=5 2 Fe-ONi DS 3 o [ TR, oo T .
- B _)--’:‘;,-//1/--" & T [Eas Nob'- 2 Jassie” ~
= -0.2 :__.'\.1.\1.\1“"-\" —.-—' —./) ..__.-"'- " __: ‘q‘ — N'ckel\ l’__“fr.n- g 1
k5 - Inconel 718~y _——= 2 S c —02:"_ ,,,, i -
g p——— {'S’M w 2 -é - lron 2
Q b- .............................. - 3] = g :
s 03 - k| " 3]
o - ) R 3
o o |
=l = ¥ . -
£ 04 f———""""-Al6061 = 8 o4 A 3
— Alloys 4 = E Metals 3
_0-5011115101111"1)011111[50"11’"'11"“ osbit g b by e sl e g sl gl

200 250 300 0 50 100 150 200 250 300

Temperature (K) Temperature (K)

At LN, most CTEs become constant. This is why
people say: the mechanical properties freeze Iin

at LN
? AL Ly — Laosk

L B L295K

Ralf Eichhorn | CLASSE | Cornell University MEPAS2015 11/19/2015 8
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Table of CTEs

Table 2.5. Linear Thermal Contractions Relative to 293 K* (in units of 10-4)

Substance T(K): 0 20 40 60
Aluminum 41.4 414 41.2 40.5
Copper 32,6 32.6 323 31.6
Germanium 9.3 9.3 9.3 9.4
Iron 204 20.4 20.3 19.9
lead 70.8 70.0 66.7 62.4
Nickel 23.1 23.0 229 22.6
Silicon 2.16 2.16 2.17 223
Silver 41.0 41.0 40.3 38.7
Titanium 15.1 15.1 15.0 14.8
Tungsten 8.6 8.6 8.5 8.4
Brass (65% Cu, 35% Zn) 384 38.3 38.0 36.8
Cu+2Be 324 324 31.9 31.6
Constantan — — 264 25.8
Invar® 4.5 4.6 4.8 4.9
304, 316 Stainless steel 29.7 29.6 29.0
Pyrex 5.6 5.6 5.7 5.6
Silica (1000° C)¢ 0.1 —0.05 0.05 0.2
Silica (1400° C)¢ -0.7 —0.65 -0.5 -03
Araldite 106 105 102 98
Nylon 139 138 135 131
Polystyrene 155 152 147 139
Teflon 214 211 206 200

Ralf Eichhorn | CLASSE | Cornell University

80
390
30.2

9:3
19.5
At
218

232
36.5
14.2

8.1
35.0
30.0
24,7

4.8
27.8

5.4

0.3

-0.2
94
125
131
193

MEPAS2015

100 150 200 250
36.9 29.4 20.1 9.6
28.3 22.1 14.9 7.1
8.9 1.3 5.0 2.4
184 14.9 10.2 49
52.8 39.9 26.3 12.4
20.8 16.5 11.4 5.4
2.40 2.38 1.90 1.01
337 25.9 17.2 8.2
134 10.7 7.3 3.5
7.6 5.9 4.0 1.9
32.6 253 16.9 8.0
28.3 22.0 16.0 7.0
232 18.3 124 5.85
4.5 3.0 20 1.0
26.0 20.3 13.8 6.6
5.0 3.95 2.7 0.8
0.4 0.5 0.4 0.2
-0.05 0.2 0.2 0.1
88 71 50 25
117 95 67 34
121 93 63 30
185 160 124 75
11/19/2015 9



J‘&UN%’W, =
() vt R Thermal contraction of the support

= The change in length of a
support is determined by the

Ty temperature distribution
along the support
' = Tabulated AL/L values are for
A—H - iform t ture of

u AL (greatly exaggerated)  Unitorm Temperature o

m support

?L = For non-uniform temperature

L A L Ty
Actual T(x) AL = I dx j a(T T

Where T(X) is defined according to,
Ty Ty
| k() = (i) | k(r)r
T, L Ty,

@ =% Ralf Eichhorn | CLASSE | Cornell University ~ MEPAS2015  11/19/2015 10 .
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D o e and ducaton (CLASSE) Thermal conductivity

Thermal conductivity is defined as the relation between the
temperature gradient and the heat flux.

: dT
0= —k(T)AE S

« Kk usuallyis a strong function of the temperature

* Thermal conductivity has two AR B ) e g
. . | 2000 \%
contributions: N

Phonons (dominant for insulators) R Copper E

Electrons (dominant for metals) . ]

« For metals, this means, electron t | . |

- Z 03 =

prop.ertles.c.jepend on temperature = 29 Ny K constm
and impurities ; N
C [
1004 11| I L1l !
4 10 100 300

@ =5 Ralf Eichhorn | CLASSE | Comell University ~ MEPAS2015  11/19/2015 11 ®



Some thermal conductivities

Accelerator-based Sciences and Education (CLASSE)

10,000 1

Good source of cryogenic data: §
http://www.cryogenics.nist.gov/
MPropsMAY/material%20properties.htm

1,000

Pure metals and
crystalline insulators

A\A Al

NIST it

iy
Material Measurement Laboratory : RN

Alloys

Group Information Material Properties

Publications

thermal conductivity, K [W/m-

Cryocoolers.

Aluminum 1100 (UNS A91100) Molybdenum

Malerial Properties
FliidProperties
About Cryogenics

Links of Inferest

Aluminum 3003-F(UNS A93003)
Aluminum 5083-O (UNS A95083)
Aluminum 6061-T6 (UNS A96061)
Aluminum 6063-T5 (UNS A96063)

.
Non-metallics
Balsa Polyamide (Nylon) O 0 1 =
Beechwood/phenolic Polyethylene Terephthalate (Mylar) ]
Beryllium Polyimide (Kapton)

Beryllium Copper

Brass (UNS C2600)

Copper (OFHC) (UNS C10100/ C10200)
*rev. 02/03/2010

Fiberglass Epoxy G-10

Nickel Steel Fe 2.25 Ni

Nickel Steel Fe 3.25 Ni (UNS $20103)
Nickel Steel Fe 5.0 Ni (UNS S20153)
Nickel Steel Fe 9.0 Ni (UNS $21800)

Polystyrene
Polyurethane

Polyvinyl Chloride (PVC)

Sapphire

Non-crystalline

Ralf Eichhorn | CLASSE | Cornell University

0.001 -
1 100
temperature, T [K]
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S .
(BBID) o emer S encesand Edcation (CLASSE) ... sSpeaking of support structures...

|t will not only move your cold mass as you
cool-down, \ T, /
|t will also add a heat load to the cold :
AL

Mass.

o-( Jurw 5

« But there are limitations on A,L and the L

choice of material
* So: how would you design a support?
« Typical material used: G10

@ =% Ralf Eichhorn | CLASSE | Cornell University ~ MEPAS2015  11/19/2015 13 .




gg::f:ialisgg;t:;y Sf:(i):nces and Education (CLASSE) Exa m p I es Of S u p p O rts

He 50 K out LHe 4 K in

RF Power Input

Piezo & Stepper Motor

(Tuner) Rupture Disc

Cavity Alignment

RF Field Probe

MLI Insulation

LHe Reservoir

Shield Cooling (part.

Removed)
Cavities
Beam Axis Tuner
Girder
Mangnetic Shielding
Additional
Pumping
Cryostat Vessel
Thermosyphon

Pumping Port (Insulating
Vacuum)

2
Cornell Labor:

ey Ralf Eichhorn | CLASSE | Cornell University MEPAS2015  11/19/2015 14




S‘LUN”’%E [ n n n
D S o e st Bducton (LS A design help: conductivity integrals

. . 1,000,000 -
* Heat transfer is given by: j | |
AVt !
0= (_j Ik(T)dT 100,000
LJs, | 5
. S 10,000
« For convenience, you can S f
precalculate the conductifity =
integrals: n
T F 1004
0(T1,T;) = | k(T)dT £ |
£ ? 104
1 =
« So Q becomes g ]
A 3
Q=0(T1,T;) T E |
= 01?_7“"3 s
A Many materials can be
e e
< L > 0.001 4 ol

I
10 100 500
temperature, T [K]

Ralf Eichhorn | CLASSE | Cornell University MEPAS2015  11/19/2015 15 @




) P Thermal anchoring

U%o E’ /s Accelerator-based Sciences and Education (CLASSE)

Simple Actively
support: cooled
support:

« By intercepting the support at an intermediate

temperature, heat transfer can significantly be reduced!

« But: where to position i, Ty “
« at what temperature? T,
Te > Z




S N Composit posts/ anchoring

HGRP support
post + alignment

40K shield (Al)

+ Mu-metal & MLI 6K return

Gas @3 bar
4.5K supply
Liquid @3 bar

40K supply
Gas @20 bar

1.8K supply
Subcooled liquid @1.2 bar

40K delivery
Gas @20 bar

Vacuum vessel
38” OD x 3/8” wall carbon steel

lSupponpost ] [HGRP I

40K thermal shield

2
Cornell Lal

ey Ralf Eichhorn | CLASSE | Cornell University = MEPAS2015  11/19/2015 17




J‘@LUN%’E u n
i% 0.\5( ggzgleel:aligtggzt:(;},si?:nces and Education (CLASSE) Rad I at I o n h eat

NASA/IPAC 93.4
* Planck's law of black body L
radiation :
2h? 1
I(v,T) = I.V

hv
¢ eff —1

736

« Believe it or not: this is still a
factor at 300 K and below! R manaaa
. . . T . \\ Amax T =2898 um-K
 If you are just interested in the o 08| ]
~ 2000K
total power transfer, you can = i / i, e
integrate over the wavelength S, [sooox N ]
which gives you the Stephan w : i
2 100 %\ N
Boltzmann law a - e\
27.[5 k4 = o uooﬂ\
Q p— O'T4,O- p— 10~4 i) polfily m
15 C2 h3 0. 0204061 2 4 6 10 20 4060 100

WAVELENGTH  (um)

@ ====  Ralf Eichhorn | CLASSE | Comnell University ~ MEPAS2015  11/19/2015 18 %




S‘LUN”’%’ n n
D S o e st Bducton (LS Heat transfer from radiation

» If you have two surfaces facing each |
other, this is the net heat transfer: prR =
Qr = dA[(T + AT)* —T*] 7 a7 B

 But: are all bodies black? -

- I /i 1.0 po—
* No! Materials have emissivity! 5] o ve
V4 AjLu'/m}wy // ALUMINUM

QR = SO'T4 | AS RECEIVED

METALS

. INCLUDING
STAINLESS

* So the heat exchange of two, non-

AS RECEIVED
black surf is given b : —
ack surfaces is given by : .
g Neoaate
= KON e,

RIGminized/My191/ EE‘?\?‘AK"/'QW
4, CHEMICALLY X X
81 82 POLISHED, X X
Q o(T*—=Th " RIS
— - AL 8, Cu X\ )

R L7z i KR

\// \ \
€1 T &2~ €18 RS
i SILVER7PLATED
NMETALS // .
i)
0.0 _—
: 300K to 77K 77K to 4.2K

&) Soiites Ralf Eichhorn | CLASSE | Cornell University MEPAS2015  11/19/2015 19 . o
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S\L Um%: n n
i% \5( Accelerator-based Sciences and Education (CLASSE) H e at t ra n Sfe r fro m rad I at I o n

e |s this relevant?

 \What is the heat transfer from 300 K to 4K if the

emissivity of both surfaces is .057

€1&2

14
— (T —T)) o=567-10"
U &1+ &, — €16 (T 2 m’K*

 Please calculate!

&) Soiites Ralf Eichhorn | CLASSE | Cornell University MEPAS2015  11/19/2015 20 e



S‘LUN”’%’ n n
D S o e st Bducton (LS Heat transfer from radiation

e |s this relevant?

 \What is the heat transfer from 300 K to 4K if the

emissivity of both surfaces is .057

€1&2

14
— (T —T)) o=567-10"
U &1+ &, — €16 (T 2) m’K*

 Please calculate!
=> |t's ~115 W/m?
 What can we do about it?

@ 5% Ralf Eichhorn | CLASSE | Cornell University ~ MEPAS2015  11/19/2015 21 %
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i% .\5( g(c)zzleel:a];g:’-g;t:cll’ysi?:nces and Education (CLASSE) M u It I — Laye r I n s u I at I O n ( M L I )

» Let us investigate what a radiation shield |
(passive) does: .
8182 4 4 T,= q_',_ i q'_.A__ T+47, =T,
Ql—)g — O'(Tl — TS ) E
€1t & — €18 BT | T
7 K T
= o(T," —T,) R N——
Us-2 e1te,—88, 0 7 g
« And as there is no cooling at Ts, so T R
Q1-s = Qs-2, and this turns out to be MEERET
q,/(T) 1 1 au(THan)
smaller than Q- e AL,
* For n passive layers, you get L
E Vacpum: !
= o(T{ — T, 7 =R
R R (¢ R RN i

& =255 Ralf Eichhorn | CLASSE | Cornell University  MEPAS2015  11/19/2015 22 . o



%) Comell Laboratory for

/s Accelerator-based Sciences and Education (CLASSE)

’ e « Make sure you don't pack the
/' MLI too tightly!
= 7
£ L
g | B e :
12 1 1 L ] ] ] ]

UiZ2 94 06 08 | 1.2 1.4 L.

LAYER DENSITY (#/mm)

Multi-layer Superinsulation Package

Specification Properties and Justification

Insulation 300 Kto 77 K

10 foil + 10 spacer layers
20 foil + 20 spacer layers
30 foil + 30 spacer layers
40 foil + 40 spacer layers

1.0 to 1.5 W/m?
0.8 to 0.9 W/m?
0.6 to 0.7 W/m?
0.55 to 0.6 W/m?

Ralf Eichhorn | CLASSE | Cornell University

MEPAS2015  11/19/2015 23 :
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)

(@) (??@

(b)

ST
ATEBI%) Comell Laboratory for
~based Sci
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From what we learned,
we can build a cryostat

9 Cornell Laboratory for

/s Accelerator-based Sciences and Education (CLASSE)

) v |
* Vacuum vessel (Iron pipe) Support post acuu/m vesse
— Outer diameter = 965.2mm, Length=11.8m \

_ Th.ermal radiation He gas
— Connection between cryomodules shields l\ return pipe
« Vacuum bellow |
— Total length=12.7m 2\ T
Magnetic shielding A\

. Support post

— Supporting the all cold mass in the vacuum
vessel

— Material: FRP(G-10)

 Thermal radiation shield
— Aluminum plate +Muti-layer insulation of

aluminum-evaporated film (Super Insulation) N
— 40K-80K, 4K-5K helium gas cooling =ils | s 1) S heium
Input power supply pipe
coupler 7§ U@
But hey! Why do we have a vacuumvessel? Vo e
Superconducting
cavity

What type of vacuum de we need here?
DESY-TESLA-TYPE-III

Cryomodule Cross Section

SR L,
51%\ Cornell Lal bo SxRLs

® oo Ralf Eichhorn | CLASSE | Cornell University = MEPAS2015  11/19/2015 25 e




S‘LUN”’%E n n
D S o e st Bducton (LS Figure of Merrit for a cryo-module

Making thermal insulated environment
for superconducting cavity

Conduction heat transfer:
Support post

!
Vacuum -
-1 i ¢ A /) / / A
(et \Sliar/ 17 A4 VB ) {2« ’
i CNWWTFRL A2 A\ 2/ Conductign: \
ST o o b QUSIREES L L AT /e Input coupler 5K- 8K
/N S
H}:@ / = J
b~ o) L/ 40K- 80K

' e LT Thermal radiation
—— 05*—@ =775 heat transfer 300K

@ =22 Ralf Eichhom | CLASSE | Comell University ~ MEPAS2015  11/19/2015 26



A typical heat load table (IL.C)
Figures are in W

9 Cornell Laboratory for

/s Accelerator-based Sciences and Education (CLASSE)

2K 5-8K 40-80K

Static | Dynamic | Static | Dynamic | Static | Dynamic
RF load 7.5
Thermal radiation 0.0 1.4 32.5
Supports 0.6 0.0 2.4 6.0
Input coupler 0.5 0.2 1.5 1.3 15.5 66.1
HOM coupler (cables) 0.0 0.2 0.3 1.8 1.8 9.0
HOM absorber 0.1 0.0 3.1 0.5 3.3 10.9
Beam tube bellows 0.4
Current Leads 0.3 0.3 0.5 0.5 4.1 4.1
HOM to structure 1.2
Coax cable (4) 0.07
Instrumentation tapes 0.07
Diagnostic cable 1.4 2.8
Sum 1.7 9.7 10.6 4.2 59.2 90.1

Ralf Eichhorn | CLASSE | Cornell University MEPAS2015 11/19/2015 27 ‘



9 Cornell Laboratory for

4J Accelerator-based Sciences and Education (CLASSE)

End of Lecture |
Cryo-Module Basics

Next: Lecture |l
Refrigeration, Liquefaction and Properties of Helium




() Sl st cason About the physics at low temperature

Low temperature physics started with Carl von Linde

« 1868-78 Prof. in Mechanical Engineering
Polytechnikum Munchen (TUM)

« 1874 first cooling device

1879 foundation of “Linde's
Eismaschinen” (now Linde AG)

* 1892-1910 Profesor,
Polytechnikum Munchen

« 1895 first liguefaction of air
* 1901 Liquefaction of O, und N, on an industrial scale

@ =% Ralf Eichhorn | CLASSE | Cornell University ~ MEPAS2015  11/19/2015 29 .



Linde’s process to liquefy air

f 4”; Cornell Laboratory for
R\ @E’ /s Accelerator-based Sciences and Education (CLASSE)
5 ;\.0'\

based on heat exchangers

* Air gets compressed

* Heat generated by that gets
chilled by water Intake - Outlet valve
+ Expansion of the air in a throttle ~ V@"e i

’
* => cooling due to the @;

Joule-Thomson effect (expansion /(
from 200 to 20 bar results in 45 K) Heatexchanger
—I|

« Process can also be used to Throttle valve
liquefy Hydrogen
 But: Helium cannot!

Liquide air

& =TS Ralf Eichhorn | CLASSE | Cornell University  MEPAS2015  11/19/2015 30 w
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 First successfully done by
Heike Kammerlingh Onnes

* 1908 in Leiden (Netherlands)
* Nobel price 1913

And people asked: why do we
need liquid helium?

But let's come back to the Joule-
Thompson effect...

@55 Ralf Eichhorn | CLASSE | Cornell University  MEPAS2015  11/19/2015 31 -



3‘4,: [ ]
D S o e st Bducton (LS Laws of thermodynamics (ll)

« 0% fundamental law of thermodynamics:
bodies in thermal contact have the same temperature
« 18t fundamental law of thermodynamics

The increase in internal energy of a closed system is equal
to the difference of the heat supplied to the system and the
work done by the system:

1
dU =dW +dQ U=—2El.
n

In open systems, the enthalphy is a more appropriate

uantity for the energy:
d Y Y H=U+pV

when you allow a gas to expand, H is constant

& =TS Ralf Eichhorn | CLASSE | Cornell University  MEPAS2015  11/19/2015 32 bl
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D) o e Edcation (CLASSE) Joule Thomson Coefficient

« 1885 - Joule & Thomson (Lord Kelvin) confirm that a gas flow through a
restriction experiences a temperature drop along with the pressure drop.

AP
- dr .
 The Joule-Thomson coefficient: &; = P characterizes the phenomenon.
h
*  When u;>0, cooling accompanies a pressure drop.
l
6
50
Gas Maximum Joule-Thompson coles
inversion temperature ’: T N Helium
K] PN _
Helium 43 g \
Hydrogen 202 " — i S
Neon 260 _— 17 —
Ailr 603 o~ ,/‘
Nitrogen 623 ol
Oxygen 7 6 l o0 20 40 60 80 100 120
Pressure, atm

& e Ralf Eichhorn | CLASSE | Cornell University =~ MEPAS2015  11/19/2015 33 me
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D S o e st Bducton (LS Laws of thermodynamics (ll)

« 2" fundamental law of thermodynamics

Heat can never pass from a colder ? o
to a warmer body without some

r Snleelelelie 1 T".
other change, connected therewith, i -
. . ' Process | - —
occurring at the same time. : :
- )
O, + Q. <0 ?
TW TC QC

This limits the options of transferring energy
according to the 1stlaw

=> Gives rise to the definition of the entropy

() ety Ralf Eichhorn | CLASSE | Cornell University =~ MEPAS2015  11/19/2015 34 e



f 4”; Cornell Laboratory for
&\ @E’ /s Accelerator-based Sciences and Education (CLASSE)
5 ;\.0'\

The entropy of an isolated system increases in all real
processes and Is conserved In reversible processes

 Definition of the entropy (change)

As =22 .

3 5

* Entropy also measures the disorder Iin ..
a system. The statistical definition is: $ o° 3
S=k, InW Pl ?
(W is the number of microscopic states) 2| s 2

@ 5=%%  Ralf Eichhorn | CLASSE | Cornell University ~ MEPAS2015  11/19/2015 35 o



Cornell Laboratory for

i/ Accelerator-based Sciences and Education (CLASSE)

To fill this with life

« What happens to the
entropy?

* Is this process reversible?

Ralf Eichhorn | CLASSE | Cornell University
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24

lagram

1SD

Gives thermodynamic

Contains a lot of information!

Get oriented:
Find lines of constant p

Find lines of constant T

properties of a specific
Constant h

material

Where is the 2 phase

region?

Quality of the liquid?

Critical point?
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D o e st ducaton (CLAS) Two basic processes

Joule-Thomson effect: Expander: isentropic
Isenthalpic expansion expansion

GO B

Expansion without heat EXpanSion while delivering
transfer mechanical work
AH =0 A3 =0
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Joule Thomson effect

9 Cornell Laboratory for

& Accelerator-based Sciences and Education (CLASSE) T S D n ra

//:///r//lao/;)a}" ‘

i (1) W 0 Throttle valve J YA

AS 55 0 o v Isenthalpic %

S
[\
TEMPERATURE, *K

Expansnon

o

'

- © .
ENTROPY Joules / 9 K
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Expander

9 Cornell Laboratory for

:: Accelerator-based Sciences and Education (CLASSE) T S D n ra

Ml 17 | | 1 | |
b - ! ! { - g i
e} + : W R At [m s L ] v A = ] ! !
AS=0 T T -
— > - - i1 S Y
T HEE W SRL T W LITT BTN D RN S | ] A | Ao
TV T &
VY AN A AT
//[’/ 7V
/ !

! | ! 1 ! | | \‘5/ //;
iy I O O B/ 7, 7 :
D, N D A /71 10bar
= work extracting expansion 4/ /|
« (75 % isentropic efficiency) «'
. . T f

/
R 5 I 5

./f
{

K
// //'03

!
| (o ‘
- s : / ’I%% o s p— - Nt if 1 -
WMWY /) /) =275 4 B SN S O i
T ' I/ﬁ’:g —=a :1-_'; < -7- '—Jé N — — > I
ENTROPY, Joulas /g *K = - 0 -t - N

@ =55 Ralf Eichhorn | CLASSE | Cornell University ~ MEPAS2015  11/19/2015 40




S%,: u ] ]
i g(c)z:leel:a];::g:t:cll’ysi?:nces and Education (CLASSE) P rl n CI p I e Of a refrl g e rat o r

* '‘Moving’ heat from a cold reservoir to a warm reservoir
requires energy
The amount of heat moved is associated with an

dQy, amount of entropy by the relationship:
1 dQ=TdS
dw M A * In an ideal process, the entropy associated with the
‘ two heat flows is the same, that is:
dQ, ge_dO. _do,
T. T,

* In an ideal process the amount of work (energy) required
to ‘move’ the heat is

dW = dQ, - dQ,

@ === Ralf Eichhorn | CLASSE | Cornell University MEPAS2015  11/19/2015 41 e



S‘LUN"’%’ n n
D S o e st Bducton (LS The ideal refrigerator

 |n steady state, the 1st law around the
whole system gives:

W.-W,=0,-0. or W,=0-0,
 The 2nd law around the compressor gives:
O, =T, 1 (s, =s,)
 The 2nd law around the evaporator gives:
0, = Tcrh(s4 _S3)
« Combining, and noting that s,=s, and s, =s,

| we have:
/ W , AS Q T
Qc 7=(TH_T;)(S4_S3) =?(TH_]1’) =;(i_1)

 The coefficient of performance (COP) for the refrigerator is then

. -1
COI)I'deal = ‘QC = TH _1 = TC
W T, T, -T.

net
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Accelerator-based Sciences and Education (CLASSE)

The Linde Cycle

Makeup

Heat exchanger
L D0l A
@ NN\
‘ Joule -

gas

Compressor

homson
A valve

| Q.
E.
-
EAS
Temperature T

[ Cornell Laboratory for
F] Accelerator-based Sciences
%/ and Education (CLASSE)

T=const
-~

2%
<
S
Q
h=const 4

/
iquid | —— —— ~
reservoif - -
Liquid rh,
Entropy s
fo‘ TeE VIEW l\'l\py
e L e

B N 77 g ) 0¥
L TSN 5% {1
g Z|N5ULJ\'T|0N

SEE NOTE 1

@
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9 Cornell Laboratory for

/s Accelerator-based Sciences and Education (CLASSE)

Claude Cycle

Makeup Com Pressor T=const
gas QR
Heat exchangers

) @ L e
AN/ NN\

J-T
v, A valve

W \7\44{'_ ®
-4
Expander

Liquid
reservoirl —_— — =~

©
Temperature T

| -
) Liquid

Entropy s

S
ATEBIRY) Comell Laboratory for

F)  Accelerator-based Sciences
)
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Collins Liquefier

ornell Laboratory for
Accelerator-based Sciences and Education (CLASSE)

4
Makeup Helium compressor He Ikp/cmz
gas / Q Zskp/””? q
R
/‘ — Pump.}fufzen

@ @ - Expander 1
—

\ m /, >-AAA/ > -~ /
@ AN )
Ll 1 ¥ -1 W,

| ° o s :
1 T @ v”.lcl 3 5 ?D
CO
. o

% ® O e
Expander 2 ] idb
; ® . —F
? § - W, cg

) 3 5
o
®© __ . a3

| @ no = (193
& b

i d’?
@ l
%«J-Tvalve
. a 5

".XI

SxkA

i
Ot
$
s

o
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i% :: g(c)::leelia];;:grz:eoéy Si(i)el:.nces and Education (CLASSE) C o I I I n s I I q u efl e r, M IT ( 1 946)

i,
Skt
S*EQ;*T
e o
0% :;‘ﬁ\"
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& — 2 u n
) o o s an Bt (CLASSE) And more combinations....

[ \
P
\ 4\
J 15 05
Brayton Claude %i—
Expanders in parallel  Expanders in series
(Collins) plus wet expander
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1.2 kW @ 4.5K (1980
Accelerator-based Sciences and Education (CLASSE) u n

(T w2 ¥
vas '
HX3
vysa
—
VB #*
oot y, T |
HX4 ’
" HX5
Y
HX6
F
—— BC6
V44 .
—N——__—‘
¥
BCS
Va3 duacd Vse
D BC-1
X v41¥
BC-2
€8 + b
<+ BC-3
CTI 4000 Upgrade 12/2/99
* Indicates new or changed component

Comnell Laboratory for
r-ba

&) R iy Ralf Eichhorn | CLASSE | Cornell University MEPAS2015  11/19/2015 49




The LHC refrigeration pant

= Note:

« Large number of expansion
turbines — some in series with HP

I N £

stream
] ST oEssse e * Medium pressure return
el 5 S » Heat loads at intermediate
] el temperatures
o B » Designed to have high % Carnot
(roughly 30%)

— >

45K - 200K loads * S

(magnets + leads + cavities)

" 18 KW @ 4.5K

P oD T S AN SN
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& ”"’”@,2 u
D S o e st Bducton (LS Main Compressor

« Typically a 2 stage, oil flooded screw compressor
 Compression from 1 to 15..20 bar
* Qil removal can be critical

MEPAS2015  11/19/2015 51 :



S\‘“"”’s,t n
D o e and ducaton (CLASSE) Turbine expander

* Typically 5000 rps
« (Gas-bearing, magnetic guidance
* Throttle gas circuit comecr

« Helium contaminations can Kkill
the turbine coner o

. compressor
* Quick pressure changes, too
J Cooling-wat Radial bearing
connec tion
Shaft Speed sensor
Nozzle ring
Turbine wheel

earin
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Isentropic effiziency
N ~ 65...80%
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i; :3 ggzzlleeli;;;:grazt:é'y Si(i)el:.nces and Education (CLASSE) H eat Exc h a n g e rs

AT = 3K -
~
° Stream §| —
Q (outiet)

- Stream 4 (outlet)

Stream 2 (inlet)

Stream 3
r (outlet)

_—

Stream 5
— (Outiet)

__ Stream 1
(inlet)

s
[ [E
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Cold Box for LHC

%) Comell Laboratory for

uoo /J Accelerator-based Sciences and Education (CLASSE) ( 1 8 kW @ 4 K)
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S‘LUN"’%’ n n
D S o e st Bducton (LS HERA Cryogenic loss analysis

50.3 to coldbox

total el.
power 100
input

3.6 42.6 30 05
electric compressors gas oil+water
motors coclers removal
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19.2 refrigeration

5.5 leadscooling
50.3 : :
- 3.4 shieldcooling

11.3 10.2 0.7
turbines heat- valves
exchangers
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e e s it (CLASSE Efficiency of refrigerators

10€ =
¢ wd o =
[~ A—:/,—V—-"“""%—.‘F‘-‘
77 _ Th - ]-; == < Ab—'ﬁ S
¢ T e I d? -
h O 10
b =
o
o - e 11
- 2
Z
J :
e 1t |
w 0° -
Q. - / 5 NEW OLD
= 0o e ® - 8-9 K
T a v A -10 -30 K
e 00 ® -30-90 K
LUnder Development
IO'| IRER AR L LA lllllllll ’[lLMLl ll L1
10" 10° 10’ 10° 10’ 10* 10° 10°

CAPACITY, WATTS
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>< <
= VWV

Bath cooling Subcritical

|
M
- B
Supercritical with Recooler ~ Supercritical using
a pump
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£ ggzzlleeli;;;:grazt:é'y Si(i)el:.nces and Education (CLASSE) M ag n et Co o I I n g @ R H IC

MAKE-UP FLOW
CONTROL VALVE

RECOOLER LIQUID
LEVEL CONTROL

VALVE
RETURN
HEADER
CIRCULATING
A RECOOLER 1 COMPRESSCR
SUPPLY HEADER TYP 1 PLACE/RING

HELIUM
REFRIGERATOR
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S\‘"" D u
i% \; g(c)zzleel:a];g:’-g:t:cll’ysi?:nces and Education (CLASSE) H E RA m ag n et co o I I n g

zu / von Kalteanlage
— ¢

— 'y
-

—p

3 S

\

Transferletung

X ¥7 Magnetkette ( ca. 650 m lang ) % EF

_‘Quenchgas Sammelletung
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S‘LUN”’%’ n u
D S o e st Bducton (LS How Cryogens are distributed

A

—

e Supplies 4.5 K, supercritical (3 bar) helium
over 6 km to “satellite” refrigerators

e Also provides LN2
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é“\w"%’c = n n u =
D S o e st Bducton (LS The LHC cryogenic distribution line

Vacuum Vessel

Beam Screen

Beam Pipe
1.8 K Supply

Superconducting Coil

Auxlilary bus

Thermal Shield

Radiative Insulation

Support Post

Main Dipole Cryostat
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e s e watnon (G LCLS-ll Cryogenic System Overview

-- Compressor System

45K
Coldbox

2.0K
Coldbox

Interface Box Cryogenic Distribution System Scope
(excluding cryomodules)

! Upstream W I
I . Dist i i |
i|—'—'—'—'%s'triamgn'ng— ''''''''' - _____ Downstream String —
I 2 y
. 6 7 8 310111213 1215 % | -
I S | |
! - | . _l I
E Cryogenic Cryogenic Transfer
3.9 GHz Cryomodule 1.3 GHz Cryomodule End/Feed Cap Byypgass =8 Line Gas Header
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;3 ggzgleel:aligtgl;zt:(;},si?:nces and Education (CLASSE) H OW to g et b e I OW 4 K?

* Boliling curve of helium

50 |
40 |
X
..3 [ 3.0
g’- 30 | 28
= r 2,6
o 24
-
2,2
L 2,0
20 | .
I 14 i
v
1,2
1,0
[ 0 10 20 30 40 50 60 70 80 90 100
1’0 [ 1 1 L L 1 L 1 L L 1 L 1 L L 1 L L 1 L 1 L L L L 1 L L L L 1 L L 1 L 1 1 L 1 1 1 1 L L L 1 1 L L 1 T
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Pressure / hPa
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g\\,UNw% [ ]
2 K Pump Skids (8 g/s, 125 kW
R\ v, Accelerator-based Sciences and Education (CLASSE) u m p I S g s,

ZXWARM VACUUM PUMP or
COLD COMPRESSOR

( N
A He |
- T=4.5 K
_ )
COUNTERFLOW

HEAT EXCHANGER

XJT VALVE

o State of the art are colc

~
compressors ——
- — SAT'_EL% lexl KED

PRESSURIZED x— SATURATED BATH

He Il HEAT EXCHANGER
. /

Ralf Eichhorn | CLASSE | Cornell University MEPAS2015  11/19/2015 67 5@




S‘L UN"’% n [
i% .\; g(c)z:leel:a];:ig:t::l'ysi?:nces and Education (CLASSE) H e I I u m P ro p e rt I es

10,000 T

————= = 1wo Liquid phases
= He I - Neutonian fluid

: . T,<T<T,=52K,P, =0226
—Elo MPG

. = He IT - quantum fluid
— . ggl;!rCAL . s ] < T}Lz 2176 K @ SVP
oL 3 = T, (solid line, 3 MPa) = 1.76 K
s | -t = Solid phase only under
- oo * external pressure P > 2.5 MPa
i = Important point: no triple

! / ] point
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Cryogenic sketch
of an SRF Module

Cornell Laboratory for

Accelerator-based Sciences and Education (CLASSE)

Cryo Supply
|

| ®
80K Return 2” ™™

4.5K Supply 2” ® 5K heat Wi

2K Supply 2"
(or precool)

1JT I PC

1.8K return

e ¥ 1 __1__

Precool Fwd 1”: 1 - - ] - : ! h s ! | . |
4.5K Fwd 5" | ® 11 ;] 1 li T ]L T } 1 } 5 {_ 5K adj |
6.5K Return 2”: W ]
. | ® 1 ; ! w

40K Fwd .75" | PTT T —

e 40K a
40K shield 2” :
40K supply 2” :

|
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Cryogenic sketch

Accelerator-based Sciences and Education (CLASSE) f S R F M d I

HGRP support
post + alignment

40K shield (Al)

+ Mu-metal & MLI 6K return

Gas @3 bar

4.5K supply
Liquid @3 bar

40K supply
Gas @20 bar

1.8K supply
Subcooled liquid @1.2 bar

40K delivery N
Gas @20 bar Y \ T " —

Vacuum vessel
38” OD x 3/8” wall carbon steel

Cavity in 1.8K helium bath v

1 line [ subcooled » 2K helium bath for cavities via 2K-2 phase line
for 2K | liquid @1.2 | « pre-cool gas for cool-down

supply | bar * 90% heat load from RF losses in the cavities
2 lines | 3.0 bar He » Thermal intercept for HOM absorbers and couplers
for liquid » 2/3 dynamic heat load
4.5-6K | Single
phase flow
3 lines | 20 bar He » Thermal intercept for HOM absorbers and couplers
for 40- | gas * 40K thermal shield
80K * 90% heat load from HOM

f“xh}f
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Cornell's ERL Main Linac
Cryomodule

%) Comell Laboratory for
/J Accelerator-based Sciences and Education (CLASSE)
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S Properties of helium

14,000 Y Y Y Y Y .
|
12,000 - T i
10,000 SPECIFIC HEAT .
; 8000 | 3O~OOO | ) | I | | | ]
2 |
> 6,000 .
5 ) 25.000 - | :
4,000 J
2,000 4
20,000 | | :
O 1 1 1 1 1 1 S~ \\\
15 92 el A I g TA
6.000 T T T T T T T =~
| = 15,000 | | -
| o |
5,000 |- =
| ENTROPY < |
| 10.000 L LATENT HEAT )
4,000 - ! : ’ l
Q T // I
2 3000} | | |
> | 5,000 | '
? 2000} | 1 |
| |
1 000 L | ] O 1 l 1 1 1 1 1 1
| 15 2 3 4 5
|
0 L 1 1 1 1 1 1
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* Helium Il is a superfluid (similar to a superconductor:

— NOo viscosity Tl

— great heat conductivity ~ osf

— film flow ol

— fountain effect o4k

— has 2" sound 02,
e ol

200

= 100 q P

fe P L L

e

E i ——

= 60 — =

> L - o - | HEATER-

: AT U =

O 40l

9 o]

a>ﬂ —— ~——1—PLUG
e ~ _
=z

8 . | U
w

TEMPERATURE (K)
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Normal boiling point K] 4.2
Critical temperature K] 5.2
Critical pressure bar] 2.3
Liquid density/ Vapor density* 7.4
Heat of vaporisation* [J g’l] 204
Liquid viscosity™* [1Pa s] 3.2
Enthalpy increase between T; and T T)=42K 384
T,=77K
[7g]
T,=77K 1157
T,=300K
*at normal boiling pomt

Skt
e, e
ok ;:;"z
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Thank you!
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& ¥\ Cornell Laboratory f

3 Agzgleerat:r-gl;:cll’ySc?:nces and Education (CLASSE) W h o n ee d s t h I s ?
Oy

Homework #1: Thermal radiation:

Assume you have two surfaces with identical emissivity being 0.1. One
surface is at 300K while the second surface is cooled to 77 K.

a) What is the heat transfer through radiation?

b) If youinserta passive layer of shielding material (again e=0.1),
what is the heat transfer from 300 K to 77 K now?

c) At which temperature will that passive layer settle in?

d) Why do people usually use 30 layers of MLI between 300 K and 77
K, but only 10 layers between 77 K and 4 K? try to quantify the
difference.
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Homework #2: Safety and boil-off:

You have a helium dewar (size 250 I). After doing your experiment, you have
100 liters left. You decide to close all valves and leave the dewar on it's own
over the weekend. When you returned on Monday, you realized that the
pressure went from 1 bar on Friday to 1.5 bar on Monday morning.

a) Whatis the temperature of the helium?
b) How much helium has been evaporated to getto 1.5 bar?

c) How much heat was leaking into the dewar over the weekend? Assume a
mean (temperature independent) latent heat (what’s the value?) and use the
density of lig. Helium of 125 g/I.

d) Now you open the valve to release the pressure into a recovery system.
What process is this? Will you get more or less than 75 | of gas? Why?

e) Assume you have a gas cylinder, 200 bar at room temperature, full of
helium. You connected the cylinder to your liquefier which accepts the gas
at 1 bar. What should you open the valve slowly?
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