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Gulliver’s Travel

called among
years employing his thoughts for the improvement of human life.” He had

two large rooms full of wonderful curiosities, and fifty men at work. Some
were condensing air into a dry tangible substance, by extracting the nitre,
ueous or fluid ]

Gulliver's Travels, by Jonathan Swift

CHAPTER V.
Grand Academy of Legado

In 1726 Janathan Swift had written that air was
considered to be permanent gas

150 years before it was liquefied....
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Application of Cryogenics

Particle
Accelerator
Space Superconductor
Application cooling Fusion

( TOKAMAK)

Human stem Cryogen Superconductor

cell /Animal as fuel cooling
Semen Cryogenics

Cryogen for low yog Superconductor

Temp cooling
preservation Transport.
|[Maglev Train]

Electrical
Power Apps

Cryo-Surgery

Cryogen for Medical Superconductor

low temp Application cooling
(MRI)

Superconductor
cooling
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Temperature Scale (ITS-90

Radiation

100K

Triple point of argon
83.8058 K I

Triple point of oxygen
54,3584 K
50K

Triple point of neon
24.5561 K

Temperature at which the vapor
pressure of equilibrium hydrogen is
about 101.3 kPa: (about 20.3 K)

Temperature at which the vapor
pressure of eguilibrium hydrogen is
about 33.3 kPa: (about 17.0 K)

Platinum resistance thermometer

Triple point of equilibrium
hydrogen13.8033 K

10K

Helium gas thermometer

Temperature determined
by vapor pressure of helium
3~5K

3He

065K

thermometer
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\apor pressure
thermameter
3.2K

Vapor pressure
thermometer

S

13587.77 K
(1084.627C)

1400 K Freezing point of copper

1300K™ Freezing point of gold
1337.33 K
(1064.18%C)

1200 K'Y,
Freezing point of silver
123493 K
(961.78C)

1000 K

_ Freezing point of aluminium
’ 933,473 K
(660.323C)

o
00K

Freezing point of zinc
4 692.677 K
(419.527°C)

_ Freezing point of tin
505.078 K
(231.9287)

Freezing point of indium
429.7485 K
(156.5985%C)

h}'lelting point of gallium
02.9146 K
(29.76467C)

riple point of mercury
2343156 K
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rigin of the word ‘CRYOGENICS’

Derived from Greek il word [12th Century]

‘cryos’ = frost ‘Generate’ = to produce

Etymologically means

“the science and art of producing cold”

15t recorded use at the 19th century !!!!
Dutch term by K.Onnes
|I 1894 y7i ° 144
Kryogen Laboratorium

II@ In USA 1st recorded use
of word “Cryogenic”
By Bradley and Rowe in

a paper of Physical Review
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Cryogenic Development

Thermodynamic Improved liquefaction
fundamentals techm)logy

N
1900 Year

1954, 100 t/d LOX
1952, 320 L/hr LH2: NBS
1946, 1|L/hr He liquefier: Collins
1941, 85|t/d LNG
1934, 2 L/hr UHe, expander: Kapitza
1911, Superconductivity: Onnes
1910, 2 t/d LOX: Lin
1908, Helium liquefied: OQnnes *
1898, Hydrogen liquefied: D a*
1895, 3 L/hr LOX: Linde
1877-1883, Oxygen liquefied *
1861 Stirling refrigeration cycle: Kirk
1857, Recuperative heat exchanger: Sieme
1852, Joule-Thomson effect discovered
1852, Absolute temperature scale: Kelvin (Thomson) 1954, 1st CEC
1850, 2nd law of thermodynamics: Clausius
1845, 1st law of thermodynamics: Mayer, Joule
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Helium Cryogenics & Superconductivity

In 1908 : 1St Person to Ilquefy Hellum In 1911: Discover Superconductivity

Onnes’s dream of a 10 T magnet (1913) was soon dashed by his discovery

that <0.1 T destroyed the superconducting state in his Pb and Hg wires
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Dewar’s Letter to Onnes
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History of Helium

Aug. 18, 1868: Helium Discovered by
French astronomer Pierre Jules Ceasr

Jansseen During a Total Solar Eclipse
In Guntoor, India

Kamerling Onnes brother collected
Monazite sand from Kerala, a southern
state in India (according to Barron’ s book)




Magnets & Cavities for Accelerator

Charged particles in an Accelerator need

Focusing

Higher magnetic fields will cause charged particles to take a
curved path through the equipment : the curvature will be
proportional to the mass and energy.

Cavities or
Resonators

Magnets
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Operating Temperature of magnet

NbTi: T,~9.2K 18 N | >-NbTi@a2k
[ =-Nb-Ti @ 1.9K
Nb3Sn : T~18.3K \ %\ | ~nessh@aac

-3-Nb3Sn @ 1.9K

Source: Ph Lebrun

At Lower Temperature, Higher Field can be achieved
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Operating Temp of (GHz) Cavities

Niobium Cavities

o LRS- A T BTN .»P
Niobium: T.~9.2K =% i & i & W

A A A A AAA LA
RS=RBCS (f’ T)+Rres

@Padamsee

The surface resistance of a 9-cell TESLA cavity plotted as a function of Tc/T

Tera Electronvolt Superconducting Linear Accelerator (TESLA)
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Other advantages of Superfluid

Low viscosity enables superfluid helium to
permeate to the heart of magnet windings

Very large specific heat ( ~10°times that of the
conductor per unit mass)

Excellent heat conductivity (~ 103times that of
cryogenic-grade OFHC copper)

Superfluid
1.9K * 18K Q/A~1W/cm?
LK I 15K Q/A ~1mW/cm?
Copper
Length =1m

Provides better stabilization against any thermal disturbances
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4K or 2K cryogenics

Particle Accelerator

Superconducting Elements

v
( i i \
Field > 8T

TESLA type QWR
cavities HWR
Spoke

2K Cryogenics
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W Cryogen for Practical Superconductors
| \

@ Every SC needs a Cryogenic Coolant to maintain its Temperature
below Tc and perform the Duty What itis Supposed to Do

NbTi (9.2K)
Nb3Sn (18K)
Nb  (9.3K)

LHe@4.2K

BSCCO(110K)

LN2@77K YBCO (93K)

T,

C

2
>
-
W
{7
Q
o~

Copper

*Figure is indicative
> :
200K
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Nomenclature

Nitrogen

‘ Fluid: Gas /Vapor/ Liquid Liquid: LN2 or LIN - similariy
Vapour: VN2 LOX, LH2, LHe
Gas: GN2

For Quantitative treatment of technical System:

|

Need some thermodynamic variable

Therm. Process Variable Unit
Isobaric ( dP=0) Pressure (P) Bar (bar)
Isenthalpic (dH=0) Enthalpy (H) Joule/gram(]/g)
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T-S Diagram ( Temperature-Entropy Diagram)

A. Isothermal Processes

' B. Isentropic Processes Process may be
Thermodynamic Processes & | i

C. Isenthalpic Processes Compression

D. Isobaric Processes

\ 4

Need an General Diagram to represent the thermodynamic processes

ISOBARS

Represent all thermodynamic
processes involved in Cryogenics

>
Entropy

S)
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T-S Diagram of Nitrogen

1000 500 200 100 50 20 10 5 2 1bar
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3. 4. 5. 6.

s (kJ/kg-K)

a T=300 K, p =200 bar, s=5.16 kl/(kg-K), h =430 kl/kg;
b T=270K, p=1bar, s=6.79 ki/(kg-K), h =430 klJ/kg;
c T=133K, p =200 bar, s= 3.75 kl/(kg-K), h = 150 ki/kg;
dT=77.2K, p=1Dbar, s=4.40 kJ/(kg-K), h = 150 kJ/kg;



= [ |
Fluid with normal boiling point < 120K ?

Cryogen Boiling point Critical point (K)
(K) ;
Krypton, Kr 119.73 209.48
Methane, CH, 111.67 190.56
Oxygen, O, 90.19 154.58
Argon, Ar 87.30 150.69
Fluorine, F 85.04 14441
Carbon monoxide, CO 81.64 132.86

Air, 0.76N,+0.230,+0.01Ar 78.9 -81.7 132.4
Nitrogen, N, 77.36 126.19

NeonNe | 2710 44.49

Hydrogen (normal), H, 20.39 33.19
Helium-4, He* 4.230 5.195

Source: NIST, REFPROP
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Why Below 120K ?

Technically: 120K boundary is Real , not an Arbitrary

Easily achievable Not very easily achievable

As the Working Fluid

Tc >Ambient Temp
Only Possible by

Only By applying Refrigerating Machine
pressure (alone) possible

to liquefy at room temp

With

Some Special Cooling Tech.
*Cooling by gas Expansion

(SO2, NH3 etc.)

* Does not need any
special cooling tech.
* No need of HX’s

* Heat Exchanger
LOX, LN2, LH2, LHe etc.
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Permanent Gases

33K  13bar
5.2K 2.2 bar

s
LHY
He(LHe)

Need to
COOL before
Liquefaction

Dr. Soumen Kar, IUAC, New Delhi

Tc [SO2/CO2] > 300K (room temp)

Apply ias
Pressure

~ Liquid
Tc [N2/He] < 300K (room temp)

- Gas

-

Whatever
Pressure ?

No liquid

Hence they are called

Qe
Permanent Gases

Ar, N2, O2, Air, Ne, H2 and He

DEC10-17, 2017KEK-JAPAN
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Role of cooling

Helium Gas @ 300K
H (enthalpy)=1570]/

4 1540]/g J| Sensible Heat

Lot of Energy Needs to
be extracted By
Some Cooling Mechanism

Helium Vgpour@éL.ZK

Liquid Helium @4.2
H=10]/g
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Liquefy Permanent Gases

”’ L’, \* ° °
Isenthalpiét Cooling Isobaric Cooling Isentropic Cooling
dP =0
Done By
Heat Exchanger

¢
$

Transfer of energy between incoming Hi-Pressure
hot gas and Outgoing Lo-Pressure cold gas
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Cooling: Isobaric cooling by HX

1 17’ 78K
Precoolant ( 78K LN2)
Or cold Helium gas
Working fluid
T1 T2

T1=T1" & T2=T2" if 100% efficient

But Practically
<100% efficient
T1>T1" & T2>T2'
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Heat Exchanger (HX)

fluid out
warmed
fluid

T

temperature of
warm fluid

temperature —=

(£
‘L temperature of 2
cold fluid

w2

surface area —=

I Fluisl B

Dr. Soumen Kar, IUAC, New Delhi
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Liquefy Permanent gases

Cooling by Isobaric Cooling Cooling by Joule -Thomson
Expansion [Isentropic] Expansion [ Isenthalpic ]
Free Expansion does External work No External work

N 4
N

To Define Cooling effect : Need an Expansion Coefficient

g‘) g (dT) > 0 for|Cooling

dP
Inherent Property of any Gas

2277

< 0 for|Heating
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Cooling by Isentropic expansion

Piston

D Pl
Components!!!

Cylinder

eAdiabatic System : dQ=0

*No Heat flow (IN/OUT) to the System
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Expansion Procedure

Step-] Step-II Step-III

l||*‘” '—'l_ g | &
m—

N RN

Expansion
Engine

* NO Heat flow To or From the system dQ =0
* Expansion chamber is Same
* Expansion does some External work dW # 0
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First Law of Thermodynamics

$

The first law of thermodynamics is the
Conservation of Energy

4

The Change in internal energy of system is equal to that heat
added to that system minus the work done by the system

4

/AU - AlQ - AV\K

Change in internal energy Work done By the system

Heat added
To the system
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Cooling by free expansion

The first law of thermodynamics is the
Conservation of Energy

Zero Work done by the system

@= dUu + @
Heat Internal
Exchange energy Work done

@Etic Ener@ Proportional To c

Reduced Hence Cooling!!!!

That means External work at the cost of internal energy
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Free Expansion Coefficient
= (&),

w-@7)

= 1= ()

p
Forideal gas : PV = RT

dTr
Us = ( ) (+)ive means > 0

dP
B (ar
&S\ dp

Cooling in Expansion for Ideal gases

DEC10-17, 2017KEK-JAPAN
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Free Expansion Coefficient

-G

S

dV
p

For Real gases means Van — der — Waals gases

- (p+ ) (v—b) = RT
N (dT) _
Us = —\): (+)ive means >0

dP

Cooling in Free Expansion for Real gases
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J-T Expansion ( Isenthalpic)

A flowing gas expands through a throttling valve from a fixed
high pressure to a fixed low pressure, the whole system being
thermally isolated

//////////////,5y// TP I P I I I I I I
High pressure =
o] H=H

f/////////////// ///////////ﬁ

Throttling  Hj-p Hi -P

Throttling

Lo -P
Joule -Thomson Valve

Partially open valve

NO Moving components!!!
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Joule -Thompson Expansion

Signifies the non-idealistic nature of Gases

ONLY Inter-molecular Interaction plays role in Expansion
dT
BT =\ 75
dP e

Using Vander Waals gas Eqn.

/(p+v%) (v—b)=RT H=H(T,P)

inv — pp . y
ﬂ]T >0: C'oollng Rb ”’]T <0: Heatmg
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Cooling in Joule-Thomson Expansion

Enthalpy( Total energy) = K.E + P.E

Atoms are very close:
Repulsive Force Dominant

Enthalpy = K.E + P.E ' '
' Repulsive force helps in Expansion
. ®
Heating in Expansion

Atoms are far apart:
® Attractive Force Dominant

A ® ' Attractive force has to work against
Enthalpy = K.E + PE ' Expansion

m‘ # Cooling in Expansion
Internal Exchange of Energy

Behavior of Real gases
Dr. Soumen Kar, IUAC, New Delhi DEC10-17, 2017KEK-JAPAN




-T Expansion: Inversion Curve

2a
max __ <2
Tinv Su Rb

Maximum Inversion

temperature )
N’

J45)

—

=)

d—

©

| -

Q

o

5

|_

Pressure (P)
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J-T Expansion: Inversion Curve

Maximum Inversion Temperature

o theating)
o, ti
. eating !._Ipper.
Meth 939K Nitrogen ™ temperature | N2 @300K (room temp)
ethane ¢ . :

Oxygen 761K L expansion
Argon 794 K :
Nitrogen 621K >0 Cooling
Air 603K {cooling)
Neon 250 K He@300K (room temp)

Hydrogen 2() exXpansion
. Lowvwer
Helium-4 @ inversion
) temperature
_~"Hydrogen

Heating

— Heliurm

He< 45K

expansion

Cooling
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J-T Coefficient

J-T Co-efficient of Various gases

dT
T = d_P

e
@
Ko
2
—
c
2
O
2
fat
c
o
v
E
<)
=
7
9
=,
o
=

100 200 300 400 500 600 700 800 900 1000 .
Heating

Temperature (K)

Dr. Soumen Kar, IUAC, New Delhi DEC10-17, 2017KEK-JAPAN



[s there any difference ?
Are they same ?

Which one is better ?
When to apply?
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[sentropic Vs. Isenthalpic Expansion

dT
Expansion co-efficient: p = (_)
dP
A
f \

o dT AT
Hsshm E : T = E i
\ J
2

4
Us > ﬂ]T

Cooli_ng By > Cooling By
Isentropic Expansion Isenthalpic Expansion
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Stages of cooling in a Liquefier and Refrigerator

V .
Hs — T = B Ms = Wyt whenv~0

That means @ High-P + @ Low-T

V~0 when temp is low and pressure is high

Room Temperature Gas [A4U¢
||

Heat Exchanger (H

HX + Isentropic Expansion

HX + JT expansion

Intermediate
Cooling

Isentropic Expansion
not at Liquefaction

J-T Expansion

Stage because of
moving parts

Final stage of Cooling
& Liquefaction
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Stages of cooling in a Liquefier and Refrigerator

Room Temperature Gas 300K

Intermediate
Cooling

COLD BOX

Final stage of
Cooling
& Liquefaction

\ 4 \ 4
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e

gravity

Q per=m (h, h)+m(xr/€)+mg}/2)+w

Q¢ - W, ..=m(h,-h,): InGeneral, Q ., -W,_ = Xmh-Emh

Outlet Inlet

net
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.........

[deal Liquefaction

T-S diagram of Nitrogen

TEMPERATURE K

8

n
[$
=]

Lio

Isentropic
Expansion

150

~

T T

Dr. Soumen Kar, IUAC, New Delhi
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Liquefaction: Ideal Cycle ( for Helium)

1. 1 to 2:Isothermal Compression

2. 2to 3 (f):Isentropic Expansion

mass Liquefied (mg)- _

*Yield (y) = 1

mass Compressed (m,)

Energy Balace Equation

Qnet — Whet = Emh o zmh

Out In
; — 2 7y (5, - 57) = (s )
() it ol = 6900 é
['he thermodynamically ideal Ligquefaction system.
e.gHe T1=300K, S1=32J/g,v 6900 ] energy for1lg
h1=1573J/g Tr=4.2K, S=3.2)/g, hf = 10)/g o e L g JE G
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Liquefaction: Ideal Cycle - Work Requirement

Work Rate for 1L /hr
Tho Work J/g Production
He 4.2K 6900 He 240W
Work Required
to produce
1 gm of liquid N2 175W
02 90.2K | 636

Work Requirement is much more for any Practical Cycles!!!
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Makeup
gas Compressor

1t

: Heat exchanger
Z
ey ; /
AN

~AAAA—

{rie—ri,)

Joule=
Thomson

w
Svalve

Liquid=—}-
reservelr

— —

p——

Liquid

Linde-Hampson liquefaction system.

Dr. Soumen Kar, IUAC, New Delhi
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Role of Precooling

Helium Gas @ 300K

H (enthalpy)= 1570]/g

Liquid Nitrogen

Nitrogen Gas @300K EZAUZ

I<— 240]/g
Vapour Nitrogen @77K pa1UyE:

F 200] /g
Expansion

Engine 30]/g

1140]/g

Pre Cooling

Helium Vapour@80K
H=430]/g

420]/g

Cooling and
Condensation

-

Liquid Helium @4.2K
H=10]/g

Dr. Soumen Kar, IUAC, New Delhi
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Pre-cooled Linde-Hampson Cycle T |l

B
-
2
e
&
E
O
[

Entropy s
Precooled Linde-Hampson cycle. The state-
points refer to the numbered points in the
precooled Linde-Hampson system.
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Liquefaction: Collins Liquefier

Collins helium-liquefaction system.
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1.3kW @ 4.2K Liquefier

OIL REMOVAL
SYSTEM

Dr. Soumen Kar, IUAC, New Delhi DEC10-17, 2017KEK-JAPAN



Ideal Refrigeration Cycle ( Carnot)

1.
G
I Q. =1W : = j:(3oo77 77j=0.345=34.50

- 1(300 _ 77) — AWatts
77

T,~42K W=70W
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Carnot Refrigeration Cycle

__ITC:18K T T T TTTT]

RN
o
o

5C Magnet

51 For Practical System
pr Cavities

Less efficient
Than Carnot Cycle

—

=
s
| -
)
5
a 10
O
y—
O
O
o
o
©
O
o

I|!Il|||| | IIIIIII| |

10 100
Temperature (K)

—

Need power for Helium Refrigeration for Magnet/Cavity
at 4.2K @1 W -Need electrical power of ~300-1000 W
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Work Required for Ideal Cycle Liquefaction & Refrigeration

/

Fluid

Liquefaction

Refrigeration

(W/(gls))

(W/W)

Helium

682>

70>

Hydrogen

12573

13.8

Neon

1336

10.1

Nitrogen

770

2.9

Argon

477

2.4

Oxygen

635

2.3

Methane

1092

1.7

Dr. Soumen Kar, IUAC, New Delhi
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LHC Refrigerator 18kW@4.5K

Refrigeration Power ~ 18kW @ 4.5K
Plug Power~ 4 MW

4 5 K supp

20 K r'e‘l'ur'l!

50 K E'-FP"
75 K I‘|E-'1'LI"I$

45K
P. Lebrun, CERN

COP (W/W) = 4MW/18kW ~ 222 (W/W)
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COP of Large Helium Refrigerators

300

3
-
G)
=
=3
o
o
O

TORE RHIC  TRISTAN CEBAF HERA LEP LHC
SUPRA
P. Lebrun, CERN
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Cold Box

4.2K vapour

Load may be the EXp.
S.C. magnets Load
S.C. Resonators
Refrigerator Mode Liquefactier Mode

Dr. Soumen Kar, IUAC, New Delhi DEC10-17, 2017KEK-JAPAN



Cryogenic Material Properties

= =| flll
Designing and Developing any Cryogenic System like
Cryostats/Cryogen Network /Experimental Dewar

require good knowledge of material properties at
low temperature.

Why do you need to know material properties?

Most of the properties may vary by orders
of magnitude between ambient and cryogenic
condition
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Cryogenic Material Properties

Why does the Property vary?

At room temperature the atoms are vibrating very
rapidly. Higher the Temp, greater is the amplitude of
oscillation. As the substance is cooled down, the amp. Of
atomic vibration is reduced ( thermal energy reduces

Thus all the properties which dependent on interactions
with the atomic vibration ( or Lattice) will change at

low temperature

The decrease in the various types of interaction will
show up as variation in the mechanical properties.
Thermal properties and electrical properties
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Cryogenic Material Properties

Properties

(
| Mechanical

Yield Electrical Thermal
Strength Resistivity Contraction

Thermal
Conductivity

Ultimate
Tensile
strength

Specific Heat

Diffusivity
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Mechanical properties

Ductile -Brittle Behavior

Viel d m— Ultimate Tensile
= o 1 Strength [UTS]

Yie:'ld For Ductile Material:
Stress (F/A) i urs UTS >>yield Strength
) | _ t
F/2 I )\ Elli?;gcf : plastic | For Brittle Material:
| o O UTS ~ Yield Strength
A\. !
oo |
H IAL Elastic ! :
: |
region : | 7S : rupture
| -
l I l : ]
- | | | o
F/2 ' | | I
. Strain (AL/L) !
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Mechanical Properties

Yield Stress and Ultimate tensile Stress

c y (4.2K) o u (4.2K) oy (80K) o u (80K) oy (300K)c u (300K)

PN
55304 1660 460 1509 406 659
Al -6061 | 345 497 332 422 282 312
OFHC cu[ 90 418 88 360 75 222
G-10 758 758 703 703 414 414

Dr. Soumen Kar, IUAC, New Delhi DEC10-17, 2017KEK-JAPAN



Mechanical Properties

Yield Strength

As the temperature is lowered, the atoms of the material vibrate less
i vigorously. Because of the decreased thermal agitation of the atoms,
a larger stress is required for any kind of strain.

S — (8)
100 150 200 250 300 350

Temperature, K
‘ Ultimate strength for several engineering materials: (1)2024-T4
# & 7 5 Z : aluminium: (2) bervilium copper: (3) K Monel: (4) titanium; (5)
uminium; (2) beryllium copper; (3) K Manel; (4) titanium; (5) 30 > Jorpges
% ; N : (8 304 stainless steel; (6) C1020 carbon steel; (7) 9 percent Ni steel;
l stl C1020 carbon steel; (7) 9 percent Ni steel; (8] e .91

DEC10-17, 2017KEK-JAPAN
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H
2]
g

« Ductile to Brittle transition
For Carbon Steel

Percent elongation before failure

==
-
ii

5 104 150 200 250 300 350
Temperature, K
Percent elongation for varions materials: (1) 2024-14
aluminium: (2) beryllium copper: (3) K Monel: (4)
titanium; (5) 304 stainless steel: (6) C1020 carbon steel:
(7) 9 percent Ni stecl.

Dr. Soumen Kar, IUAC, New Delhi DEC10-17, 2017KEK-JAPAN



Thermal Properties

Thermal Properties

Thermal
Contraction
a = [(dL/L)/dT] =K'

Fractional Change in length per unit change in Temp.

Why do We require “o “ ?

Thermal Contraction of different material

vary considerably. Therefore differential
thermal contraction has to be taken care of
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Thermal Contraction

=
n

= = Niobium
--=-TA6V
— - NbTi
— - Copper - RRR=50
Aluminium RRR=50
—304
----AL6061-T6
AL5083-T0
===-AL7075-T6
——Invar
G10
Pyrex

~
v

w

=N
S~
g .
g
—
~
—
<

o
(9]

FS
2

A
(9]

Thermal Stress Developed
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Thermal Conductivity

Thermal Properties

Thermal
Contraction Thermal
Conductivity

K=Q/[A.dT/dx] =W/m- K

Heat transfer rate per unit area per unit thermal
gradient which causes the heat flow

Why Do You Require “K” ?
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Thermal Conductivity (&)

Why Do You Require “k” ?

Less Conductive Material for

Inter-Connecting tube between
300K to 4.2K

High Conductive Material for

Intermediate thermal shield
Thermal

Conductivity

Less Conductive Material for
Support Structure

Less conductive leads for
= T-sensor, V -signals etc.
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Thermal Conductivity

99.899% Cu annealed Sapphire
RRR=2000 S /- Diamond

89.088% Al

-
RAR = 500 'A\

__ 7 -
ETP and OFHC Cu _# Quariz ™Sy,
RRA = 50 —.-% Crystal N

1100 - F Al
6063-T5 Al ~._

5052 — 0O Al
Brass

<
E
)
=3
=
5
©
=
o
C
o
L
I
£
{
=

Fiberglass—epoxy

100

Temperature (K)
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Thermal Conductivity

Thermal Conductivity of lead Wire used
for T-Sensor/level sensor/ Voltage taps & other Instrumentation

Phosphor - /\\Eﬂpm 300K 300K
Bronze wire :
, Phaosphor @ Heat@
Bronze
Manganin /leadi

Nichrome 4K 4K
_>|_ L/

Si-diode NTC resistor

—
=

T-sensors

x
E
S
=
=
2
=
=
D
| =
o
0
©
£
@
£
=

Wire materials

1 10 100 1000
Temperature (K)
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Thermal Conductivity

Thermal Properties

Thermal
Contraction

| soecinches: VRS

Energy Required to change
the temperature of 1 gram
Thermal of substance by one degree

Conductivity

Why do you require “Specific Heat?
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Heat Capacity or Specific Heat

Why Do You Require “Cp” ?

>~ Need less amount of cryogen to
cool material with lower specific
heat

Specific Heat(Cp)

The material with higher specific
heat can store energy for longer
Wl time. Temp rise would be slower if
cooling is stopped.

Energy needs to be taken out during Cooling
(0] %
Energy has to be Given during warm Up
H=mC ,AT=m Ah
Ah is energy content per mass unit (J/kg)
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Specific Heat
Specific Heat of Different Material

Glass/resin

Polyvinyl chloridg -"F
)/
L7
Epoxy -
2

LStainIess steel 3105
(SS)

- Brass )
B65%Cu—35%7n

Temperature (K)
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Consumption of Cryogen

m .qq masst At = Incryogen L latent heat + mcryogen (Hbt'HBOO)

O] [eNpgEs  Al6b COOLING POWER DATA: AMOUNT OF CRYOGENIC FLUID NEEDEDTO Cold mass
COOL COMMON METALS (SEC. 1.2)
Cryogenic fluid: He H, N,
(T,=4.2K) (T, =203K) (T, =773K) LN2
LHe Initial temp. of metal 300 K 77K 3wk 7K 300 K
[ Likg] kgl [Lhkg]  [Likg] |Likg] VN2
Using the latent heat Aluminm 58 L6 54 0.25 1.01
afvaporization only Copper 17 18 24 017 .46 78 K
VH Stainesssteel 30 . 20D 054 LHe
e JlE b Blly U a Ll W 1L Wl
Using bath the latent Ahuminum 0.22 1.03 0.14 064
heat and the enthal Py Capper 0.5] 0,082 .29
of the gas . VHe

Stainless steel 052 0,064 .34
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Cryogenic heat transfer

Cryostat

- Maintains the low temp

- Store the Cryogen ( LHe/ LN2)

- Thermal insulate the Ambient Heat

- House all superconducting Components

- Provides all the interface for the operation of
superconducting components

N
L J
S

accelerator
Off-line Testing of SC

Cavities/ Magnets [
Magnet SC RF cavities
Cryostat Cryostat

Cryomodule/Cryostring
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Cryomodule

:
|

l— e = —

=
}

-

PR /)
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Cryostring

‘/r/f”“l). =8
P ;,/f/f—»u-., VB

Helium'tank ‘ .
S0 Cold tunmg

5-cell elliptical cavity  System Power coupler Space frame
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Cryogenic Heat Transfer

Cryostat or Cryomodule

- Need to cool upto Operating
temp of the Cavities/Magnets Nb/ NbTi

-Maintain the Operating Tc~9.2-9.3K
Temp & Store the cryogen

1g VHe at 4.2K W b
20] heatI u
/

!\

)
1g LHe@4.2K Heat from ambient ( 300K)

Minimize the Heat Flow
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Cryogenic Heat Transfer

Basic Heat Transfer Mechanism

[ IT\ 2

Solid Conduction Gas Conduction Radiation

N

John H. Lienhard
Dr. Soumen Kar, IUAC, New Delhi DEC10-17, 2017KEK-JAPAN




Residual Gas Conduction

Two Flow Region

A

®

Low Vacuum(~ 10E-2torr)

d = distance between
two surfaces

Mean Free Path

P(Torr) | 10E-6 | 10E-2 |1
02 5000cm | 500 0.005

N2 4500 450 0.0045 Continuum Region

H20 3000 300 0.003 A | ndependent
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Residual Gas Conduction

Two Flow Region

A

®

Continuum Region ngh Vacuum ("' 10E'6t0rr)

Mean Free Path

P(Torr) | 10E-6 | 10E-2

02 5000cm | 500 :
) 4500 ) Qgc = Aian (Thot _Tcold )

H20 3000 300

Molecular Region

Strongly

Dependent
on P
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Residual Gas Conduction

P
4.2K

| eLowP
0000
¢ l - : high Vacuum ~ 10E-8 Torr

¢ Vacuum ~ : Low Outgassing Material
:Low leak rate
:Adsorber material

* Reduce Temperature difference (T,-T,)

*Low o : Clean Surface



Residual Gas Conduction

Pressure (torr, mm Hg)

1074 10~ 1072 101 10°
| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| [ TTT1

Free-molecule regime, Iy, > d
(Linear with pressure)
(Independent of plate separation)

Hydrodynamic regime, iy < d
(Independent of pressure)
(Inversely proportional to plate separation)

Helium gas conduction
(Plate separation d = 1 cm)

} Vobdo
e N el oo R

101 10° 101 10° 103
Pressure (Pa)
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Thermal Radiation

Qr =0 A&, R, (leot _TCA(;Id )

O = Stefan- Boltzmann constant ( 5.67E-8 W/m?-K*)

A~ surface area of cold surface

Vacuum

€1~ effective emissivity : which account for the

emissivity of the surfaces

F,, = (Radiation leaving A, intercepted by A,) /
(Radiation leaving A, in all directions

= Geometrical FORM FACTOR or view factor

F,,= 1:if cold surface is complete enclosed by hot
surface
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Residual Gas Conduction

How to reduce the radiation heat transfer?

e, 300K (T,

Vacuum

€1,&,. Low emissive surface
Highly reflecting surface

Emissivity ~ dependent on material properties,
surface finishing, temperature
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Emissivity

How emissivity varies with surface finishing for SS-304?

Temperature SS-as | SS-Mechanically | SS electropolished | SS Silver plated
found polished
300K-80K 0.34 0.12 0.1 0.092
80K-4.2K 0.12 0.074 0.065 0.0013

How emissivity varies with mechanically polished surface for various material?

Temperature SS- 304 Aluminum Copper
300K-80K 0.12 0.1 0.06
80K-4.2K 0.074 0.058 0.023
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Radiation

How to reduce the radiation heat transfer?

(4.2K (T,)
0000

Reduce Temperature difference
between hot surface and cold surface

4

If temperature of intermediate Ql (80 K—-4 K)
shield is T,= 80K N
( In case of actively cooled by LN2)

Intermediate Thermal Shield

Q,(300K —4K) 200

50K or 60 K Helium gas is also used to cool thermal shield
Dr. Soumen Kar, IUAC, New Delhi DEC10-17, 2017KEK-JAPAN



Thermal Conductivity

99.899% Cu annealed Sapphire
RRR=2000 4

.r’_ Ciamond
80.908% Al .
RARR =500 = '\
= .. S T

ETP and OFHC Cu F gl N
RAR = 50 ’ R
P——.
R
_.\\‘ ﬁeﬂﬂ&;

J | IIIII|

5052 — 0O Al
Brass

Titanium A—110AT —

Aluminium alloys are mostly
used for Thermal shield

3= - I
Fiberglass—epuxy—fj'"_f Kapton

100

<
E
)
=3
=
5
©
=
o
C
o
L
I
£
{
=

R

Temperature (K)
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Floating Shield

Floating shields are not actively cooled, they reach
achieve equilibrium Temperature by heat balance

. o€
5| * € Q=( )(T24_T14)

2— &

: J| o€ 4 1 4 4
Q=E(2 )(T24—T14) T = (TF + T}
| m— B
T; =252Kif T, =300K +T, =4.2K Mg
) 1 g€ 7
- T4 =l T4 4 _ m4a 2 1
| > - B Q n+1(2_8)(2 1) TL T1+ l+1
Rm— This concept is realized by

n floatingshield 7,1 Layer Insulation (MLI) Or Superinsulation
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Superinsulation (MLI)

Alternately stacked a highly reflecting layer and a insulating layer

50  Reflecting layer—
Insulating layer —.

Dr. Soumen Kar, IUAC, New Delhi

Hot surface

Cold surface

Optimal density:
20layer/ cm

Layer density (layers/cm)
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Superinsulation (MLI)

Ruag Space Superinsulation

Polyester foil, double-side aluminized, perforated and interleaved
with 10 layers of non-woven polyester spacer material.

Insulation Performance

Temperature range [K] Number of layers Heat flux [W/m?] *)
300w 77 10 foils + 10 spacers = 1.00

20 foils + 20 spacers =075

30 foils + 30 spacers = 0.60

40 foils + 40 spacers =055

10 foils + 10 spacers



Solid Conduction

300K (T,)

Dr. Soumen Kar, IUAC, New Delhi

Conduction Needs some kind of solid medium

In an Accelerator Cryomodule, the Solid Heat
Conduction from 300K to 4K(or 2K) will be

Through

Neck Tube
Support Structure

Current leads for magnets Rf-Power Coupler
hundreds of A-kA For cavities

Instrumentation leads
T-sensor, Level-sensor, V-tap

DEC10-17, 2017KEK-JAPAN



Solid Heat Conduction

) Fourier Equation for one dimension
h
Warm end l T,

dT

Q=k(MA

300K (T,) & .
Q k(T):Thermal conductivity (ﬁ)
L A2
\ A 0 =% f k(T)dT
| . iy

f k(T)dT = thermal conductivity Integral

Cold evnd Ql s i
G j k(T)dT:data available
4

K
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Thermal Conductivity Integral

T,

4K

k(T)dT Data Table

Thermal conductivity integrals for some structural materials

ETP

Copper

[W em™]

Aluminium

1100
[W em™]

Austenitic
sk.steel
W oem™]

Cilass

ImW cm™]

PTHE

[mW em™]

G0

Composite
[mW em™]

Graphite

[W em™]

33.2
140
278
406
508
587
651
707
756
a02
89l
976
1060
I 140
1220
1420
1620

6.1
27.6
59.2
96.2
134
170
202
232
258
284
330
376
420
464
508
618
728

0.0293

6.81
20.2
6.8
58.6
84.6
115
151
194
240
292
408
542
694
858
1050
1500
1990

4.4
16.4
323
50.8
716
93.6
I16
139
163
187
257
287
338
390
442
572
702

0.51
1.56
4.23
9.04
17.1
29.5
48.4
67.5

150

900

26350

0.023
0.15
0.48
1.1
2.9
4.6
6.9
9.8
13
22
32
45
59
74.
HY

b s}
A

251

8
Dr. Soumen Kar, IUAC, New Delhi

R11]1):¢

0K

k(T)dT

300K

4K

k(T)dT —

80K

k(T)dT

4K
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Solid Heat Conduction

0 ./ A [}
Warm end T, — f k(T)dT
4 l L Tl

Low T,:Reduce warm end temp

LlA ‘

1T° ¢ Intermediate Thermal Intercepts (Anchoring) ?

Reduction of heat flow to the cold

Cold end Ql T, temperature by thermal interception at
intermediate temperature
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Dr. Soumen Kar, IUAC, New Delhi

Thermal Interception

For 4K Cryomodule

or 50-60K Helium gas

Qup == [ k(T

2K

L,

Thermal
Anchoring
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Thermal Interception

For 2K Cryomodule

k(T)dT

300K . A 300K
ch — I
L—(L1+L2) 777K

SQm80 K

| A (77K
Qcz2 = 1. k(T)dT
110k

5K

i A
2K Qc3 = L - k(T)dT

Dr. Soumen Kar, IUAC, New Delhi
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|
300 K

5K —I h T i ....... Sk ol L 7%

|
|
-------------- .I.----.--.-.--.I----.--.----.--.-.. SK
i | |
X=0 T, TC e
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Solid Heat Conduction

: /4 |
Q=-| k(T)dT
Al
e Small A
Material | S(MPa) K(av) S/k (S/K) /
300K-80K | (W/em-K) YISES * Long L
e Lowk
55-304 630 0.125 5018 1
Fibre 1
Glass 897 0.049 18362 3.6 .
Thinner Tube/Rod
Al _ .
2024 76 0.884 36 0.02 Less conductive material
Ti-Alloy : l

Use material with high
Strength to Conductivity Ratio



4K Cryogenic System

( Compressor } SC Cavities or Magnet
3OOK 300K Liquid Helium :LHe
Vapour Helium :VHe

Cryogenic Transfer Line
= Cold
é“ Box tens of m to\tns of km
g 4.2K VHe
T ]T A A a2KiHe A
T —N—>
E LHe + VHe + +
o
5 — N (A N (L )
42K 1 | |
e 42K 42K 4.2K
- P LOQQ ]l [(QOO(J &QOOWJ
Liquid Helium A J ),
Storage (Dewar) 7 1-2mto 10s m

Soumen Kar, IUAC, New Delhi Cryomodule |:> Cryostring  Dpec10-17, 2017KEK-JAPAN




2K Cryogenics

c Vacuum
Pump

4 At P <40 torr :Temp <2.2K
é Helium becomes Superfluid !!

Helium-4d Temperature vs. Pressure

O
Liquid Helium O O s >
(LHe) : s

— latm ~760 torr

Temperature [K]

760 torr
L~

Pressure [Torr]

10-17, 2017KEK-JAPAN
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2K Cryogenic

Helium~4 Temperature vs. Pressure

2 4.2K —— latm ~760 torr

He-II

4 Point

CRITICAL

I PRESSURIZED SATURATED He |
I (Subcooled liglid)

 1.8-1.9K Vapour

Temperature [K]

@
o
=,
o
S
w
w
o
S
o

Temperature [K]

Saturated He-II ~760 torr

Pressurized He-II
Sub-Cooled
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2K Cryogenics

Saturated He-II

He-II Vacuum Pump

: ) N ¥
I PRESSURIZED LIl SATURATED He | vdCuUulll
I (Subcooled liglid)

Pressure [kPal]

= 1.8-1.9K Vapour

4.
O Cavity or Magnet
N J

Vacuum Pump

Temperature [K]

Pressurized He-II Sub-Cooled
Vacuum

P =
4-5K =1 atm 2K P>1 atmr 2K
Liquid Helium e [ ©
\g
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2K Cryogenic System

=
s
@
A
g
=
B
.
4=
=
=)
3

4K Phase
fll"ZK\ separator

Liquid Helium
Storage (Dewar)

Soumen Kar, IUAC, New Delhi

JT
Heat Valve

Exchanger

Cryomodule




* Introduction of Cryogenics and its Temperature Range

* Why do we need cryogenics for high energy accelerator,
Operating temperature of SC magnets and cavities

* Different cooling procedure, Liquefaction Cycle, Refrigeration
Cycle , Comparison between liquefaction and refrigeration

* Material Properties at Cryogenic temperature: Mechanical Properties
(Yield strength, UTS,, thermal Properties ( thermal Contraction,
conductivity, Specific heat)

A Cryogenic heat transfer mechanism: Solid conduction, radiation
and gas conduction, How to minimize the heat
Inleak to the 4K or 2K system

A Basic 4K and 2K cryogenic system
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