4]}

Karlsruhe Institute of Technology

Lecture Superconducting Power Systems
Winter term 2022/2023

Basics of Cryogenics
Mathias Noe

Institute for Technical Physics (ITEP)
N \ | bl

KIT — The Research University in the Helmholtz Association



AT

Contents
Motivation

Refrigerators

Cryostats

Application Examples

Lecture Superconducting Power Systems — Basics of Cryogenics Institute for Technical Physics (ITEP)
Winter term 2022/2023, Mathias Noe



Motivation ﬂ(".

Karlsruhe Institute of Technology

What effort is required to cool back a heat output of 1 W at low
temperatures?

Carnot efficiency of refrigerators

T 77 K 77 K
Ne77 K = o = = = 0.3453 29W
' Tw—Tk  300K-77K 223K
T 45K 45K
Neask = e = = ———=0.01523 65.7 W
- T,o—Txg  300K—-45K  2955K
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Motivation ﬂ(".

Karlsruhe Institute of Technology

What effort is required to cool back a heat output of 1 W at low
temperatures?

Real efficiency of refrigerators

Nyreqr = N¢ * COP

COP: Coefficient of Performance

Lecture Superconducting Power Systems — Basics of Cryogenics

: : Institute for Technical Physics (ITEP)
Winter term 2022/2023, Mathias Noe



Motivation ﬂ(".

Karlsruhe Institute of Technology

What effort is required to cool back 10T
a heat output of 1 W at low _
temperatures? j
Real efficiency of refrigerators .
% 10.0 |
“E: | A
2 ° —— Strobridge curve | |
— . 50 ¢ o Turbo-Brayton/
nreal nC COP = ¢ % " Claude 4
Pl ¢° A Stirling
ge ¢ GM
¢ ° Pulse tube
1.0 |- (Stirling-type) .
a o Pulse tube
(GM-type)
refrigeration power, QCOOI inW
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Motivation ﬂ(".

Karlsruhe Institute of Technology

What effort is required to cool back a heat output of 1 W at low
temperatures?

At 77 K

1 W heat load costs approx. 100 €/W for the purchase of the refrigeration plant
« 15-20 W electric power consumption per 1 W heat

« 1 Liter liguid nitrogen costs 10 ct to 1 € depending on purchase quantitiy

At 45K

« 1 W heat load costs >1000 €/W for the purchase of the refrigeration plant

« 700-1000 W electric power consumption per 1 W heat

« 1 Liter liquid helium costs 10,6 € at KIT

Lecture Superconducting Power Systems — Basics of Cryogenics Institute for Technical Physics (ITEP)
Winter term 2022/2023, Mathias Noe



Motivation &(IT

Karlsruhe Institute of Technology

What types of losses occur at low temperatures?

/L(, lereos

Hga‘k‘ Vast\C/bj‘O\/\
C,Q)u\ (/Lu\c}Y ‘\O\/\
C c/uN‘Ow% kﬁ M&
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Motivation

What types of losses occur at low temperatures?

® Current leads

@ anical support structure

m AC Losses
® Other

Lecture Superconducting Power Systems — Basics of Cryogenics
Winter term 2022/2023, Mathias Noe
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Motivation

AT

Karlsruhe Institute of Technology

What types of losses occur at low temperatures?

® Current leads
® Heat radiation

® Mechanical support structure

® AC Losses
® Other

Lecture Superconducting Power Systems — Basics of Cryogenics
Winter term 2022/2023, Mathias Noe

Air (1 bar) ~2,6-107

\
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MLt Powder with lacuum‘ Atmospheric presfure
metal swarf ‘
Micro- :
sphere Fiber glass
Powder
n Lol Lol Lol [ /
1 0—6.0 1 0—5.0 1 0-4.0 1 0—3.0 1 0—2.0 1 0—1 .0

Thermal conductivity 4 in W/(m*K) between 77 K — 300 K
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Superinsulation

@ Reflective foils, coated polymer sheets
a

Reduction of heat radiation

@ Currently the most effective insulation method
@ MLI consists of:

® Spacer between layers with minimal contact points

® Reduction of heat conduction

® High vacuum (103 - 10-° mbar)
a

Reduction of convection
)

Reduction of residual gas conduction

short cut with
@ Requirements:

pigh head
warm layer,
/

(

cold layer
® High quality of materials
@ Know-How

® Careful processing
11

warm layer
e y

()

cold layer
Lecture Superconducting Power Systems — Basics of Cryogenics
Winter term 2022/2023, Mathias Noe
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Pool boiling

Vapor pressure curves of cooling fluids
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Pool boiling

Vapor pressure curves of cooling fluids
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Nitrogen ligquefication ﬂ(".

® Usually, liguid nitrogen is produced in large air separation plants.

N, gas to atmosphere
A

> N, Liquefier
i i v
é'; of;,a 3 bl;g;l Air Separation
% Unit (ASU
N,) it ( ) v
l ,/E.\
O, to customer
(e.g. steel mill)) N,-
liquid
(LIN)

® For a liquefaction capacity of 68 kg/h, 33 kWh of energy are required.
(Data and pictures Friedhelm Herzog, Messer)

Lecture Superconducting Power Systems — Basics of Cryogenics Institute for Technical Physics (ITEP)
Winter term 2022/2023, Mathias Noe
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normal pressure can be used?

Cable
Current limiter

Rotating machine

——
o
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8

No, pressure difference needed
Yes, up to medium voltage (insulation)

Yes, nearly normal pressure

Transformer Yes, up to medium voltage (insulation)
SMES Yes
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Basic principle of refrigeration ﬂ(".

A

Pressure
P
I:)ambient_
4 5 |
oA I
Heat —~ input l
T,<T, |
Tombient Temperature T
17 Lecture Superconducting Power Systems — Basics of Cryogenics Institute for Technical Physics (ITEP)
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Refrigerators

® Cryocooler types

Tambiont Temperature T~

Cycles9c odr

RECUPERATIVE CYCLES

REGENERATIVE CYCLES

Reservoir

Q. 7o @
—

Qriﬁce
Q. T,

Pulse
tube

Regenerator . -
Qc -7:;1 QC ’ TC T

(a) Joule-Thomson  (b) Brayton (c) Stirling (d) Pulse Tube (e) Gifford-McMahon

Quelle: Radebough, J. Phys. Cond. Matter 21 (2009), 164219

Lecture Superconducting Power Systems — Basics of Cryogenics Institute for Technical Physics (ITEP)
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Cryocooler ﬂ(".

Karlsruhe Institute of Technology

® Principles
Type  lBplanation

Brayton Turbines are used to compress a working gas, which is then expanded by either a
turbine (Brayton) or a throttle (Joule-Thompson). The technology is particularly
suitable for high outputs, e.g. in air condensers. For small Brayton systems, high
speeds are required in the expander turbine, which make the technology more
expensive.

Gifford- This is a simplified variant of the Stirling process. Compressed gas is supplied via a
McMahon compressor and the expansion volume is pressurized with high or low pressure via a
rotary valve.

Pulse Tube Pulse tube cooler is a refrigerating machine based on the principle of the Stirling
engine. The advantage over the Stirling engine is that no mechanical moving parts
are necessary near the cold heat exchange point. This makes very compact cooling
heads possible and the achievable minimum temperature is not limited by the
mechanical frictional heat of these parts.

Lecture Superconducting Power Systems — Basics of Cryogenics Institute for Technical Physics (ITEP)
Winter term 2022/2023, Mathias Noe
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Cryocooler Q(IT
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Karlsruhe Institute of Technology

Overview Cryocooler AT

® Overview of available cryocoolers > 100 W at 77 K

Cooling
Company Cooling Type Type Power at Temp Input Power
Sumitomo Heavy Industries GM CH 110 175 W 77 K
Air Liquide Turbo Brayton TBF-80 7800 W 77 K
Air Liquide Turbo Brayton TBF-175 16500 W 77 K
Mayekawa Turbo Brayton Neo 5000 W 77 K 62,8 kW
Leybold GM Coolpower 250 MD 175 W 80 K
Leybold GM Coolpower 140 T 140 W 80 K
Fabrum Solutions Pulse Tube PTC 1000 1450W 77 K 25,0 kW
Fabrum Solutions Pulse Tube PTC 330 480 W 77 K 11,0 kW
Cryomech Pulse Tube PT90 90 W 80 K 4,3 kW
Cryomech GM AL300 320 W 80 K 7,5 kW
Cryomech GM AL600 600 W 80 K 11,5 kW
Stirling Reversed Stirling Cycle SPC-1 1000 W 80 K 11,2 kW
Stirling Reversed Stirling Cycle SPC-4 4200 W 80 K
Lecture Superconducting Power Systems — Basics of Cryogenics Institute for Technical Physics (ITEP)

Winter term 2022/2023, Mathias Noe



Company

Overview Cryocooler

® Overview of available cryocoolers > 100 W at 77 K

Cooling Type

Sumitomo Heavy Industries GM

Air Liquide

Air Liquide
Mayekawa
Leybold

Leybold

Fabrum Solutions

Fabrum Solutions
Cryomech

Cryomech
Cryomech
Stirling
Stirling

Turbo Brayton
Turbo Brayton
Turbo Brayton
GM

GM

Pulse Tube

Pulse Tube
Pulse Tube

GM
GM

Type
CH 110
TBF-80

TBF-175

Brayton Neo
Coolpower 250 MD
Coolpower 140 T
PTC 1000

PTC 330
PT90

AL300
AL600

Reversed Stirling Cycle SPC-1
Reversed Stirling Cycle SPC-4

Lecture Superconducting Power Systems — Basics of Cryogenics
Winter term 2022/2023, Mathias Noe

Cooling

Power at Temp Input Power

175 W
7800 W

16500 W

5000 W
175 W
140 W

1450 W

480 W
90 W

320 W
600 W

1000 W
4200 W

77K
77K

77K

77K
80K
80K
77K

77K
80 K

80K
80K

80 K
80 K

62,80 kW

25,00 kW

11,00 kW
4,30 kW

7,50 kW
11,50 kw

11,20 kW
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Examples Cryocooler

® Cryomech AL 600 (GM)

Cooling capacity

Cooling time

Weight

Compressor Package:
Water Cooled Weight:
Water Cooled Dimensions:

Input Power:

Cooling:
Temperature range:

Lecture Superconducting Power Systems — Basics of Cryogenics
Winter term 2022/2023, Mathias Noe

600W @ 80K, 500 W@ 70 K
15 Min to 80K

41.8kg

CPA1114

470Ib (213kg)

61 X 61 X 79cm

380/415 VAC 3 PH / 11.5kW

Water (11,4 I/min) or air
7 t0 38°C

AT

Karlsruhe Institute of Technology

Institute for Technical Physics (ITEP)



Examples Cryocooler ﬂ("'

Karlsruhe Institute of Technology

® Fabrum PTC 1000 (PT Stirling)

Cooling capacity 1450 W @ 77 K

Input power 25 kW

Weight 1300 kg

Cooling Water (40 I/min) or air
Dimensions 1.8(L)x1.2(W)x2.1(H m
Temperature range: 0to 35°C

Lecture Superconducting Power Systems — Basics of Cryogenics Institute for Technical Physics (ITEP)
Winter term 2022/2023, Mathias Noe



Examples Cryocooler

® Mayekawa Brayton NeO

Cooling capacity
Input power
Weight

Cooling
Dimensions
COP

Lecture Superconducting Power Systems — Basics of Cryogenics

Winter term 2022/2023, Mathias Noe

5000 W at 77 K
75 kW

5.500 kg

Water 200 I/min
2,2x3,6x2,2 m
0.08@ 77K
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Schematic sketch of a LN, cryostat &(IT

Manometer

Ja+— Safety valve

| L
- Level indicator
i Pressure regulator
Rupture disk .
P Pressure build-up
valve
R Filter

Pressure relief
valve

Filling and
withdrawal valve

Rupture disk of the
vacuum tank

Cooper shields with LN, tank

super insulation

f\ ——iad Vacuum tank

e b\?iftirretgrff%:fg/%%"%Z?ﬁifsr z)(;setems - Basios of Cryogenics Institute for Technical Physics (ITEP)



Schematic sketch LHe cooled magnet

® Cryostat with liquid helium

Rupture disk e
|

Vacuum e
Support structure e

Radiation shield (~80® \

Vacuum e

Outer shell e

Magnet

Thermal cryostat losses

» Thermal conduction through support structure
» Thermal radiation from warm to cold surfaces
» Residual gas thermal conduction

 Current lead losses and sensor lines

Lecture Superconducting Power Systems — Basics of Cryogenics
Winter term 2022/2023, Mathias Noe
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Application example

® Cryostat of a NMR magnet

Outer vacuum vessel

Liquid nitrogen tank

I / .
&'// Helium tank
L —
Coils
K]
— RT bore
i ——
54 mm Z
Source: Bruker Biospin 1.70 m ]

Lecture Superconducting Power Systems — Basics of Cryogenics
Winter term 2022/2023, Mathias Noe
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Application example Q(IT

® Cryostat of a NMR magnet

Picture: Bruker Biospin

Coil 40 K — radiation shield Vacuum vessel

Helium tank LN, tank with
super insulation

Lecture Superconducting Power Systems — Basics of Cryogenics Institute for Technical Physics (ITEP)
Winter term 2022/2023, Mathias Noe
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AmpaCity — the world's longest superconducting cable (technological world premiere in Essen)

Project data

Place: Essen, Germany

« Cable length:
* Voltage:
 Electrical capacity:

 Cooling capacity (cable):

+ Cooling temperature:

1,000 m
10,000 V
40,000 kW

AW

- 206°C
(67 K)
B

UMSPANNANLAGE
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Y o \ &
k= \ ; 3
Fssener Miinster GE /J/ O
Burgplatz
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DELLBROGGE 2 /
G ey
Querung
Strd{&enbdln /
I./',
N
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o
s w
0 V4
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h g = st " 2
Handelshof sy - mm Streckenplanung Supraleiter
= Hauptverkehrsader
=t
e
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HTS — cooling unit / HTS — power cable

The most important components

Vacuum-subcooler

Nitrogen
(to atmosphere)

Subcooler

150 mbar

T -209°C

Vacuum
pump

Nexans cable

Super-
Liquid nitrogen conductor

pump

Messer cooling unit

Part of the Messer World a » IWC 2015 - Matsue, Japan - 34 MESSER9

Gases for Life



HTS — cooling unit

Basic diagram

* Liquid nitrogen is used
- as heat transfer medium
- as cooling agent

* LIN is pumped through
the superconducting cable

* LIN is recooled in the
subcooler (to -206°C)

* LIN vaporizes at 150 mbar(a)

MESSERS

Liquid
nitrogen

-196 °C

Vacuum-subcooler

ﬁ Nitrogen
(to atmosphere)
Subcooler
PR
150 mbar (a
Vacuum
pump
Expansion .
valve - _209 oC
T
@

e Super-
(forced by vacuum pumps) L'q“'gu'::rge“ conductor
 LIN temperature decreases =
to -209°C (expansion through i\—/j
the regulation valve) ]
Part of the Messer World a » IWC 2015 - Matsue, Japan - 35 MESSERQ
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HTS — cooling unit

Redundancy (circulation) AT E e,

i . ﬁ Nitrogen
* There are installed 2 liquid (to atmosphere)
nitrogen circulation pumps. Subcooler |
( ) AN ‘
.. : = (
« 1 pump is in operation, the Uil Vaﬁm
other one is in standby. pump
| | Y I—
« Pump maintanance is done MESwn e N—
without stopping the circuit. e ﬁl
Liquid =7
] ) nitrogen =
* In case of malfunction there is 196 °C
automatic switchover to the
standby pump. s
conductor

* Full redundancy for the
circulation is achived with
quite low additional investment i I
(app. 3%). ||

Part of the Messer World a » IWC 2015 - Matsue, Japan - 36 MESSERQ

Gases for Life
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HTS — cooling unit

Redundancy (vacuum pumps) Vacuum-subcooler

. i ﬁ Nitrogen
» For operation at full capacity (to atmosphere)
(4 kW @ 67 K) 2 vacuum Subcooler H
pumps are in operation. Eormba G

 In case of failure the duty of

the malfunctioning item is o :
) MESSER Expansion pumps
automatically taken over by Gases for Lfe valve " 209 °C

the 3rd vacuum pump. el Cf: .
(app. 1% add. investment) nitrogen !

-196 °C

« For operation at actual

capacity (1.8 kW @ 67 K) only Super-
o . conductor
1 vacuuni pump is necessary. i
) nitrogen
« Actual 2 vacuum pumps are in pumps
reserve.
Compensation line <>
Source: Messer Group
Part of the Messer World a » IWC 2015 - Matsue, Japan - 37 MESSERQ
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HTS — cooling unit

Photo of the cooling unit
during FAT - 09.10.2013 -
(factory acceptance test)

* Left: control cabinet
« Bottom (blue): LIN pumps
« Right: vacuum pump skid

MIESSIERe

Part of the Messer World a « IWC 2015 - Matsue, Japan - 38
Gases for Life



Installation of the LIN — vessel

Tank
Installation

« 19.09.2013
* Transport
* [nstallation

and piping

e 2015 Wt -39 MESSER

Gases for Life

Part of the Messer World a «



HTS — cooling unit

liquid nitrogen and electricity consumption

cooling- liquid nitrogen | P, Pel. P,
demand consumption vacuum other total
(cable) pumps components
design 4.0 kW 110 kg/h 9 kW 13 kW
regular operation 1.8 kW 68 kg/h 5 kW 9 kW
4 kKW
cable-bypassed 0.0 kW 32 kg/h 3 kW 7 kKW
Part of the Messer World a » IWC 2015 - Matsue, Japan - 40 MESSERe
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HTS — cooling unit

liquid nitrogen and electricity consumption

Cable-cooling demand: o 120 / 8
kg/h | : (kw)
+ design 4.0 kW ooy s
* regular operation 1.8 kW 80 : 12
. cable-bypass 0.0 kW 0 / : = LIN consumption

9
/ / e Pe| -vacuum pumps
design |
) / 4.0 kW °
20 3
0 I I 0

0,0 2,0 4,0 6,0

cooling capacity demand (cable)

Part of the Messer World a » IWC 2015 - Matsue, Japan - 41 MESSERQ
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HTS — cooling unit

liquid nitrogen and electricity consumption

Cable-cooling demand: iy 120 / 18
? el.
(kg/h) | ed on. ! (kw)
« design 4.0 kW 100 e / i 15
* regular operation 1.8 kW 80 S kw)/ : 12
. cable-bypass 0.0 kW 0 /E E, o = LIN consumption
| | | ) / | Aign y == Pel|.-vacuum pumps
total-required cooling capacity: _7 sokw T
20 3
« design (5.6 kW)
 regular operation (3.4 kW) ° 0.0 20 10 6.0 ’
° cable-bypass (1.6 kW) cooling capacity demand (cable)
Part of the Messer World a » IWC 2015 - Matsue, Japan - 42 MESSERe
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HTS — cooling unit

liquid nitrogen and electricity consumption

Cable-cooling demand: iy 12 | 8
: (ke/h) 100 - reg. op. / 15 (kW)
» design 40kW @67K 1,8 KW / :
* regular operation 1.8 kW (-206°C) 80 S kw)/ : 12
. cable-bypass 0.0 kW 0 /l’ :, o = LIN consumption
/ : / e P | -yacuum pumps
- - - w T
total-required cooling capacity: _7 40
20 3
« design (5.6 kW) @ 64 K
* regular operation (3.4 kW) (- 209°C)**  ° 0.0 20 10 ’
° cable-bypass (1.6 kW) cooling capacity demand (cable)
** N2 becomes solid at 63 K (-210°C)
Part of the Messer World a » IWC 2015 - Matsue, Japan - 43 MESSERe
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liguid nitrogen supply chain

Energy-data comparison (regular operation point)

« Cable-cooling demand. 1.8 kKW (@ 67 K)
« Total required cooling capacity: 3.4 kW (@ 64 K)
« Liquid nitrogen consumption: 68 kg/h

air separation unit (ASU) = transport = tank = cooling unit

Part of the Messer World a « IWC 2015 - Matsue, Japan - 44 MESSERe

Gases for Life



HTS — cooling unit: nitrogen and energy balance

N, gas to Eltrnusphere

N, Liquefier [€— Ele:': “’? ["I,t_\'*"
[JE::'\::' kl'ﬂlﬂl\'l ]
_g

l 68 kg/h N, gas to Tmnsphere

Air (ambient)

(21% O, 78% Air Separation
&, 2. )

N.) Unit 1ASU]| v 68 Ka/h
O, to customer = - I
o selmib) || g Bl
liquid N _ S
(LIN) liquid |
_ (LIN) Cooling-
Cooling demand: . 2 | medium
cabI:e ) 1,8 kW Transport: equates to app. 1kW 4
cooling unit 1.6 kW
> 3.4 kW i
o @W@ﬁ
k o
Part of the Messer World a » IWC 2015 - Matsue, Japan - 45 MESSER
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HTS — cooling unit: capacities and consumptions

Energy-data comparison (regular operation point)

« Cable-cooling demand. 1.8 kW (@ 67 K)
» Total required cooling capacity: 3.4 kW (@ 64 K)
* Liquid nitrogen consumption: 68 kg/h
* Required electricity for N2-liquefying: 33 kW
« Exergetic effect LIN transport (130 km): 1 kW
* Pel. (vacuum pumps): 5 kW
« Pel. (other equipment): 4 KW
total: 43 kW s
« for comparison: = BB ‘

Pel. for mechanical cooling: ﬁto 100 kI;VVJ
(dependant on the availability of coel

Part of the Messer World a » IWC 2015 - Matsue, Japan - 46 MESSER@
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Calculation for a HTS DC Wind generator
demonstrator ﬂ(".

® PhD thesis Fabian Schreiner

Cryostat Radiation shield

Cryocooler

Lecture Superconducting Power Systems — Basics of Cryogenics Institute for Technical Physics (ITEP)
Winter term 2022/2023, Mathias Noe



Calculation for a HTS DC Wind generator

demonstrator

® PhD thesis Fabian Schreiner

[T

(217)

(415)

550
Eisenring; 6xM6
(evtl. auch M8 mdglich)

Warmeschild; 8xM4
(evtl. auchgrdRer mdglich)
885

Lecture Superconducting Power Systems — Basics of Cryogenics
Winter term 2022/2023, Mathias Noe
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Calculation for a HTS DC Wind generator &("‘

demonstrator
® PhD thesis Fabian Schreiner
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Calculation for a HTS DC Wind generator

demonstrator

® Comparison of total heat input with 4 mm Theva tape

total heat load, Q. (W)
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.1. Cooling stage
X60W@ 77 K

2. Cooling stage
~15W @ 30 K
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Calculation for a HTS DC Wind generator

demonstrator

® Comparison of total heat input with 12 mm Theva tape

’- Current Leads - Supporting Structure - Radiation I:I AC-RippIes‘
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1. Cooling state
~60W @ 77 K

2. Cooling state
~15W @ 30K
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