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Cryogenic Engineering
* Cryogenic Engineering

 What is it?
» It is...the research of the governing physics and the design of thermal process
equipment and systems that operate at cryogenic temperature

l.e., at or below the temperature necessary to liquefy natural gas (NBP -260 F, or 112
Kelvin)

« What is unique about it?

» Very energy intensive processes; ~1 kilo-Watt of input power for every one Watt

of cooling at 2 Kelvin
2 Kelvin corresponds to saturated Helium at 30 milli-bar (3/100 of an atm)

» Requires an understanding and proper application of non-constant and non-ideal
fluid and material properties

» Superconductivity and superfluidity (helium cryogenics) — both researched
(fundamentally) and exploited for applications

F R I B a‘ Facility for Rare Isotope Beams
U.S. Department of Energy Office of S : _ ,
w M|ch.geaaﬁét':t?us.ve?:sy oo maeneE Nusair Hasan, International Accelerator School, July 10-20, 2023, Slide 2



Cryogenic Refrigeration / Liquefaction [1]

» Cryogenic loads: e
e |Isothermal (Constant temperature) Refrigeration

refrigeration; - FO) -
» heat into a saturated liquid bath, maintained at
constant pressure

» Involves phase change (at constant pressure) of
refrigerant fluid

Liquefaction

- Liquefaction; liquid supplied and withdrawn U
from a saturated liquid bath, maintained at a k>

. |
constant pressure Q)™
* Non-isothermal refrigeration; e.g., fluid Nﬁ;‘;ﬁ?“;,‘.‘;ig’f'
sensibly heated 0 g 5
A=
iy
q
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Cryogenic Refrigeration / Liquefaction [2]

» Generally, the overall capacity rate in
a cycle for an isothermal refrigeration
load Is “balanced” (in the heat
exchanger sense)

« Although, with the actual process cycle,
this may not be ‘locally’ true

= Generally, the overall capacity rate in
a cycle for a liquefaction load is not @ ----------------------------------------------------- :
“balanced” (in the heat exchanger G) -
sense)

«This may be true over the entire

temperature range (saturated fluid to

ambient), or only for a portion of the 3

temperature range . qr
mp
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Cryogenic Refrigeration / Liquefaction [3]

» Sometimes the wording used for an actual refrigeration cycle is
ambiguous...

7 13

= A “refrigeration system?”,
these loads.

« However, usually a “refrigerator” refers to a system dominated by a
refrigeration load

» And, a “liquefier” refers to a system dominated by a liquefaction load

refrigerator”, and °liquefier” can have all of

= Note: for refrigeration systems that have isothermal refrigeration and a
liguefaction load, it does not take much of liquefaction load for the
overall capacity rate to be non-balanced
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Thermodynamic Basis
he Traditional Carnot Cycle [1]

= Carnot cycle can be a heat engine, transferring heat from a high temperature
reservoir to a lower temperature reservoir with a net work output
* [t can also be a refrigerator, operating in reverse and requiring a net work input
« Carnot cycle does not convert heat energy!

= Carnot cycle demonstrates a result of the 2"d Law

» “It is impossible to construct an engine which will work in a complete cycle, and produce no
effect except the raising of a weight and the cooling of a heat reservoir’ (Max Planck,
Treatise on Thermodynamics, 1897)

* There must be heat rejection to the environrpent!
A

O Ox High Temperature
Reservoir
Log(Ty) = Log(T,) -
N T=consrant _ m o= Wc _ W\-
8 2 W, W,
I
“ LI., Expander Compressor
Log(T) | T'=constant Log(T) —
ﬁ Low Temperature
0 .
0, Reservoir
>S5 > S

- L
l Cad

As
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Thermodynamic Basis
he Traditional Carnot Cycle [2]

= 2nd |qw tells us that for reversible heat transfer from a constant
temperature (thermal) reservoir for this Carnot cycle,

AS = QH/To =QL/T

= And, from the 15t Law, since we start and end at the same state point
for a cycle,

AE:o=f5W+f6<z=Wnet,rev—QH+QL

* Where, W,¢; rev 1S the net work input; i.e., total input work (W) minus
total output work (W)
Wnet,rev =W, —W, =AS(Ty —T)

* For an (isothermal) refrigerator, the coefficient of performance is

defined as, »
o)
Wnet,rev T
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Thermodynamic Basis
he Traditional Carnot Cycle [3]

= More commonly In cryogenics, we refer to the inverse of the
coefficient of performance, as it is more representative of the
energy intensiveness of such processes; i.e., ratio of net input
power to cooling provided to the load

Ty
:Bi:COPinv:7_1

» Note that to arrive at this result, we did not have to assume
anything about the process between the reversible isothermal
heat transfer steps, except that the entropy difference was
constant at a given temperature
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Thermodynamic Basis
he Traditional Carnot Cycle [4]
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Thermodynamic Basis
he Traditional Carnot Cycle [4]

» Below are some results for a number of refrigerants:

T D D L LA,

Refrigerant-11 CCI,;F R-11 137.4 296.8 181.3 0.611 0.01
Refrigerant-134A C2H2F4 R-134a 102.0 246.9 217.0 0.879 46.7 0.22|
Refrigerant-12 CLF, R-124 120.9 2434 166.0 0.682 38.6 0.23
NH3 R-717 66.05 239.8 1369 5.708 343.5 0.25
CHCIF, R-22 86.48 2343 2304 0.992 67.1 0.29

Xe 131.3 165.0 96.4 0.584 78.8 0.82
Krypton & R-784 83.80 119.8  107.9 0.901 162.4 1.50

IEE Y CH, R-50 16.04 111.7  510.3 4.571 860.8 1.69

o, R-732 32.00 90.19 2131 2.362 495.7 2.33
Ar R-740 39.95 87.28  161.3 1.848 393.0 2.44
N, R-728 28.01 77.31  198.9 2.571 572.4 2.88
Ne R-720 20.18 27.09 85.7 3.164 863.4 10.1
D 4.028 23.66  320.9 13.77 3810 11.9

Para Hydroaen p-H., 2.016 20.28 445 .4 21.97 6145 13.8
Helium-4 He R-704 4.003 4.22 20.7 4.898 1449 69.9|

= Note that we reference to 1.0 atm for the saturated condition, and A is the latent heat at
1.0 atim. o = As

W, IS the reversible (specific) input work required for isothermal refrigeration at T,
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Exergy / Availability
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Concept of Exergy (Availability) [1]

*Not all forms of energy (electric, chemical or thermal) are
created equal.

= Quality of energy varies depending on form of energy, mode of
storage, environment. Quality of a given form of energy depends
on modes of storage (ordered or disordered).

*The quality (capacity to cause change) of disordered energy
forms, characterized by entropy, Is variable and depends both on
the form of energy (chemical, thermal, etc) and on the
parameters of the energy carrier and of the environment.
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Concept of Exergy (Availability) [2]

*Ordered forms of energy, which are not characterized by
entropy, have invariant quality and are fully convertible, through
work interaction, to other forms of energy.

= A universal standard of quality is needed.

» This standard of energy quality is called exerqgy.
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Applications of
Exergy / Availability
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Liquefaction to Refrigeration Equivalence [1]

»Equivalence is established based on equal ‘Carnot
Work’, I.e. reversible input work (exergy or availability)

« |f a Carnot Liquefier is able to produce 1 [g/s] of liquefaction at
the expense of x [KW] of reversible input work, then how much
Isothermal heat load will a Carnot Refrigerator support using

the same amount of reversible input work.
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Liquefaction to Refrigeration Equivalence [2]

» Consider a general steady process; the First Law is,
Q + W + Zin mih; — Yoyt Mehe = 0

= |[f the heat transfer is reversible, then it occurs at dT (higher or
lower) than the environment temperature, T,

Q — Qrev — TO(Se o Si) — TO Zout meSe R TO Zin miSi

= Further, if the input power is equal to the reversible input power
then,

W = Vi/rev
* S0, we have, for a steady reversible process,

Wy = D 1he(he = To 5) - me Ty 50

out
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Liquefaction to Refrigeration Equivalence [3]

Vi/rev — z me(he o TO Se) _ 2 mi(hi o TO Si)

out n

» \We define the quantity of ‘physical exergy’ as,
E=h—Tys
* Note that physical exergy has units of [J/kg]

= Reversible input power, W,.,, = m, €, — m; &;
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Liquefaction to Refrigeration Equivalence [4]

* For a Carnot Helium Refrigerator'

L Lo L LA,

He R-704 4.003 20.7  4.898 1449
=Refrigeration specific load exergy (reversible
input work) Sefgeratior
W = A¢
rev,R R @_ _@

Wrev,R — & — & = (/1 - TOO-)

Wrev,R = 1449 ]/g

N

N

=|_atent heat (mass specific cooling provided) !

A=20.7]/g
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Liquefaction to Refrigeration Equivalence [5]

* For the Carnot Helium Liquefier'

He R-704 4.003 1564 28 01 8403 6839

=|_iquefaction specific load exergy
Wyep, = Agp

Wrev,L =& —&mi = (Ah — TOAS) /J_\
Wrev,L = 6839i

g
Here, state (m, i) represents the ambient state from which the

Liquefaction

=Equivalence: o
A& 5
Aeq = TReq _ 7 25L _ 977 W/(g/s)
mL ,eq €R
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Concept of Thermal (Radiation) Shield [1]

= Cryogenic equipment (heat exchangers, transfer
lines, storage vessels) are often thermally
shielded with insulation (MLI) and ‘intercepted’ l
using a lower than ambient temperature.

Vacuum Jacket at T,

= In that case, part of the thermal radiation heat s )
In-leak is ‘intercepted’ by the thermal shield (i.e.
part of the thermal radiation heat in-leak is
absorbed by the thermal shield maintained at a
lower than environment temperature), and the
rest of the heat in-leak is absorbed by the load
maintained at load temperature (say, 4.5 K for a

y

LHe cryostat). K\ X //

»

» There exists an optimum thermal intercept
temperature at which exergy (loss) associated
with this heat in-leak is minimum. Load (Cryostat) at T,

Thermal Shield at T
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Concept of Thermal (Radiation) Shield [2]

= Heat In-leak from environment to thermal
shield Vacuum Jacket at T,

qs = €As0p (T(;L - Ts4) l
= Reversible input work (exergy) associated with /

this heat transfer -
Es — ( o S/Ts)qs

= Heat in-leak from thermal shield to load
qL = EAL0y (Ts4 — TL4)

= Reversible input work (exergy) associated with

\\

y

this heat transfer k\ . J/

»

E;, = (TS - TL/TL) qL

» Total exergy (loss) for heat in-leak due to
radiation Load (Cryostat) at T;

E=E +E

Thermal Shield at T
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Concept of Thermal (Radiation) Shield [3]

= Considering a LHe cryostat (T, = 4.5, A,=1.0m?, A, =1.0m?, ¢ = 0.1), the
optimum temperature at which exergy (loss) due to radiation heat in-leak will
be minimum is approx. 114.5 K.

= S
2 p ¥ |
9 @ep},@f ----- Thermal Shield
“%fé/d / ----- Load (Cryostat) /
- )
=t —
\ i Total

10 20 30
) A
D
/ \

1.0
R

Thermal Radiation Heat Load [W]
Rev. Work Required (Load Exergy), E [W]
2.0

/0
\ /
W
QO _"_//
o _— =) ..-'.'n\-l'-‘-':::::....... .....
0 100 200 300 = 0 100 200 300
Thermal Radiation Shield Temperature [K] Thermal Radiation Shield Temperature [K]
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Practical Cryogenic
Refrigeration / Liquefaction
Cycles
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Practical Cryogenic Cycles [1]

* There are many different types of refrigeration cycles, with many
variants

*|In addition, these may be distinguished as recuperative and
regenerative — according to the heat exchanger type used
* e.g., for above 2 K: Philips (Sterling), Vuilleumier, Solvay, Gifford-McMahon,
pulse tube, etc.

» Regenerative refrigeration cycles involve cyclic process, where the
flow through the heat exchanger is not continuous, but periodic, with
alternating flow direction, storing and removing heat
« Commonly used in ‘Cryo-coolers’
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Practical Cryogenic Cycles [2]

= We will concern ourselves with ones involving recuperative heat
exchange (those commonly used in large-scale cryogenic
systems), and to the following:

* Linde-Hampson or JT process

* Modified Brayton process

 Claude process

* Collins (helium liquefaction) process

* Many of these basic types are ‘super-imposed’ or ‘cascaded’ in
actual cryogenic systems
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JT Process

* JT (Joule-Thompson) process
» Also called a Linde-Hampson process

*The Is no work extraction, only
Isenthalpic expansion across the JT
valve

* From the start-up (cool-down) phase,
the refrigerant gas must produce
cooling due to the isenthalpic @ _____________________________________________________ _
expansion across the valve

= Can be a refrigerator or liquefier or
both.
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Joule Thompson (JT) Refrigerator [1]

= Low to high pressure is right to left (same as
T — s diagram)

» [ncreasing numbers represent decreasing
temperature ‘levels’ (same as T — s diagram) W 0

= Stream labels by ‘pressure level’; i.e., (h) for @ ................................................... :
high pressure, (I) for low pressure.

» For a Pure Refrigerator, m; = 0
= Applying the first law for a steady process,
mphp1 —myhy +qr =0

* And, from mass conservation (for a steady
process),

____________

I————————————

¢ Where Ahlhl = hl 1 hhl
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Joule Thompson (JT) Refrigerator [2]

Notice that the enthalpy flux is written as,
(hy1 — hp1), @s opposed to, (hy, — hyq)

That is, for the JT refrigerator to work (i.e.,
support the refrigeration load, gqp ), a
necessary condition is,

Which is only possible for a real gas !

For a perfect ideal gas,
Ahypy =hyy —hpq = Cp (Tyy — Tha)

Since the (h) stream is being cooled, it
would be a second law violation (under
steady conditions) for, T;; > T, , for a real
(or ideal) fluid.

e,
& R
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Joule Thompson (JT) Refrigerator [3]

Case (a): Enthalpy decreases at constant
temperature and increasing pressure. Gas
expansion through the JT valve results in a
lower temperature (solid red line)

Case (b): Enthalpy increases at constant
temperature and increasing pressure
(dashed red line). Gas expansion through
the JT valve results in a higher temperature
(dashed red line)

So, in case (b), the fluid will not allow us to
even cool-down, let alone operate at steady
conditions (even if we somehow already
started at cold conditions).

College of Engineering
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Joule Thompson (JT) Refrigerator [4]

= JT coefficient Is

defined as the e e st S D S

partial derivative, P e e e

_ (a_T) Lo

i = v/ p 40 o

E \\ 220 g

=Here is a plot of ¢ i s o

constant enthalpy £ | >

lines (dashed & [ )]

green lines) on a e e e e S e s

pressure- o e e e '------::::::::::::E;;

temperature e et Ry e
diagram for helium e+ a0 kR

0 10 20 30 40 50

Pressure [atm]
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Joule Thompson (JT) Refrigerator [5]

»So, the ‘slope’ of these
constant enthalpy lines is the

JT coefficient e A R _
»Observe that above approx. *[. 1 e o
40 K, the JT coefficient (for _. | e
helium) is always negative; § |~
i.e., no cooling will occur when & f——— BN o
the pressure is reduced at “x |- S e
constant enthalpy .

»This is called the maximum i s
i nve rS I O n te m pe ratu re an d 0 "’ 2]:(')ressure [atm]30 ! :
varies with the fluid
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Joule Thompson (JT) Refrigerator [6]

» Table below shows the inversion temperature for selected fluids

Name |Symbol | R# | NBP | R | @ [ b | Tpy' | Tipg |

Oxygen O, R-732 90.19 259.8 135.0 0.0009956 1043 757
Argon Ar R-740 87.30 208.1 85.33 0.0008062 1017 763
Nitrogen N, R-728 77.35 296.8 174.3 0.001379 852 607
Neon Ne R-720 27.10 412.0 52.90 0.0008550 300 220
Deuterium D 23.66 2064 1573 0.005890 259 211
Hydrogen H, R-702 20.37 4124 6082 0.01318 224 201
Helium-4 He R-704 4.22 2077 218.9 0.006009 35.1 45.2

* Where, T{jmax, Is computed using van der Waals equation, and, T; 4y, IS
computed using CoolProps

= \We can see from this table that Neon, (Deuterium), Hydrogen, and
Helium must be pre-cooled below ambient temperature for the JT
process
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Reversed-Modified Brayton Process [1]

= Reversed — because it is used for ac |
refrigeration  rather than  power N QWC
generation

* Modified — because it has isothermal
compression and isentropic expansion

* Recall a Brayton cycle has isentropic @ """""""""""""""""""""""""""" ]
compression and expansion

iIsothermal cooling

= Note that this process provides non- @ ______________________________________________ ‘ ______ _
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Reversed-Modified Brayton Process [2]

o 3 ‘

Cooling
water

y

\ §

Heat exchanger

1

Motor

y
h Turbine r(

b

—

Cold power
to customer

Image Courtesy:
Air Liquide Advance Technologies

FRIBE

» Requires a load heat exchanger, and a
separate cooling fluid loop.

* Cooling fluid can be the same as
process fluid or different.

»Can be used for isothermal
refrigeration, as a re-liquefier of
saturated vapor.

= Some major applications —

* Onboard the International Space Station
(ISS)
 Off-shore re-liquefier for LNG
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Claude Process

= Think of this as a super-position of a Brayton & Bl
process-stage and a JT process-stage —
o S R
=With the Brayton stage providing sensible e §

cooling of the mass flow (m, 3) from, T; 3, to,
T4

= Since this additional cooling is provided, less
input exergy is required from the compressor, S o e
than would otherwise be needed for a pure O (T
JT process Supporting the same |Oad @ .................................................... .
(liguefaction or refrigeration) K/K&
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Collins Process [1]

*This cycle consists of two Brayton process-
stages and a JT process-stage at the cold end

*Cycle is named after Sam Collins (MIT) who
pioneered practical helium liquefiers, developing
the equipment-technology that has made them
available in laboratories doing low temperature
research world-wide

*He recognized that two expansion stages were
necessary (~16:1 pressure ratio) for a practical
helium liquefier
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Collins Process [2]

* Peter (Pyot) Kapitza (1934) was the first to use an
expansion engine (of his design) to produce liquid
helium

= However, it was the development of S.C. Collin’s

1946 liguefier with its flexible rod piston expanders at
MIT, which was subsequently commercialized by
Arthur D. Little (ADL), Inc. that made helium
liquefier's common place

» Later Collins designed and built the Model 2000 and
the highly successful and well known Model 1400
helium liquefiers

* These used a piston-displacer expander consisting of
a 3 inch diameter solid phenolic-plastic bar with the
seal, a Buna rubber O-ring, at the warm end

Facility for Rare Isotope Beams
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Collins Process [3]

‘s

[ 77017007022177//
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Collins Process [4]

= (Now) Linde model 1410 (can produce LHe up to ~ 50 liters/hr.)

Image Courtesy: Linde Cryogenics
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Collins Process [5]

Flywheel

Valve Rod Cam Followers
Cam
Driveshaft

Connccting
Rod

Cold Box
Boundary

Piston
\ ,.V‘/
e
Cylinder o~
ot Val == .| Valve Seal
nlet Valve
Outlet Valvc\b.\. -j/
\' M~ f/
N :

Image Courtesy: The Saga of Cryogenic Refrigeration (2022)
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Large Scale
Helium Cryogenic Systems

F R I B @‘ Facility for Rare Isotope Beams
U.S. Department of E Office of Sci . . .
w M,Chigiaa;t?;nug,ve:ﬂsy o6 oF meenee Nusair Hasan, International Accelerator School, July 10-20, 2023, Slide 41



Large Scale Helium Cryogenic Systems

» \What does cryogenics at FRIB look like?

* FRIB is large scale facility — similar to an air separation or to liquid natural
gas (LNG) process plant
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Large Scale Helium Cryogenic Systems:
Sub-Systems

Major Helium Refrigerator Sub systems:

Warm (Helium) Gas Storage .

Warm compressors

o Compressor skids

o Gas management

o Bulk oil removal .

Oil Removal System
o Ads. Beds
o Coalescing Filters

Gas Purification System

Cryogenic Storage (Dewar)

a‘ Facility for Rare Isotope Beams
U.S. Department of Energy Office of Science
@ Michigan State University

4.5 K Helium Refrigerator (Cold Box)
o LN Pre-cooling
o Expansion Stages
o Heat Exchangers

2.0 K (Sub-Atm) Refrigerator
o Vacuum Pump
o Cryogenic Centrifugal Compressors
o Heat Exchangers

Cryogenic Distribution System

Cryostats
o Cryo-modules
o Superconducting Magnets

Nusair Hasan, International Accelerator School, July 10-20, 2023, Slide 43



Large Scale Helium Cryogenic Systems:
Overall Layout

Simplified (Typical) Block Diagram of a Large Scale Cryogenic System for Accelerators:

Warm

c Magnets,
Compressor 3 Detectors e ,.
System Z :
@ g ... o
< 4.5 K/ Shield 8 ’I_n: > INAG —
= 3 v . LINAC  aeuus ...;E
g N o) s l=TeYa Supply and Return % SN SRS BN RN
2 41 A (SRF Cavities) ~ =s=ss o
({,), L He N > —_—
© > O
O <
=
©
= Sub-atm. /2K B
Cold Box Sub-atm. Return
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Warm
Gas (Helium)
Compressor System

F R I B @‘ Facility for Rare Isotope Beams
U.S. Department of E Office of Sci . . .
w M,Chigiaa;t?;nug,ve:ﬂsy o6 oF meenee Nusair Hasan, International Accelerator School, July 10-20, 2023, Slide 45



Warm Gas (Helium) Compressors [1]

= Compressors (isothermal):

«Used as the ‘prime movers' for
modern helium systems

* Most helium refrigeration systems use
rotary screw compressors (also known
as twin screw compressor)

» These are their own sub-system

* Provide the availability, or exergy, to
the refrigeration system
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Rotary Screw Compressor [1]

» Influence of the polytropic exponent (k) on the compression process and the
temperature ratio for a pressure ratio of 3.5

= Since the isentropic exponent for helium is high (5/3), oil is injected into the
helium gas to reduce the compression temperature so that normal materials
and seals can be used in the construction of the compressors

o 500 ST 2

o _T;f; arlfe' emp. e 19

2 p. Ratio .
= - 1.8 -
2 17 g
g} / - =
: / _ 16 3
2. 400 - 1.5 ¢
= / 14
2 -
o 13 2
5 ; 12 E
= Pressure Ratio (p,) =3.5 e
Z Suction Temp. (T) =300K || 1.1
=300 | | 1

1 1.2 1.4 1.6 1.8

Isentropic Exponent (%)
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Rotary Screw Compressor [2]

* Helium compressors

He SUCTION

AFTER-COOLER (A/C)

CWSi He DISCHARGE
!

I

.

v\

1\
3

%D CoolNG OL | J
— 1

BULK OIL SEPARATOR (BOS)
OlL COOLER (0/C)

BEARING OIL

VCWR

@‘ Facility for Rare Isotope Beams
U.S. Department of Energy Office of Science
@ Michigan State University

Helium Discharge

Electric
Bulk Oil ~ Motor ™
Separator (BOS)

Helium After-
Cooler (A/C)

Oil Filter

Coupling

Helium After-
Cooler (A/C)

Suot . | o Bulk Oil
uction . :
L= Oil Fiter DIt
Oil Cooler ’ Electrical ( )
(0/C) = ectrica

Control Panel
CWR
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Rotary Screw Compressor [3]

= Typical volumetric efficiency (n,,) for a given BVR
« Left: SSCL Sullair LP stage 2.2 BVR
* Right: SSCL Sullair HP stage 2.6 BVR

» For a given BVR, and compressor stage (i.e., LP, MP, HP), the efficiency is
primarily dependent on the pressure ratio (p,-)

100% 100% I T
Vol. Eff., PD = 12.0 atm.
Vol. Eff., PD = 14.0 atm.
959% 95 Vol. Eff., PD = 16.0 atm.|___

Vol. Eff., PD = 18.0 atm.
Vol. Eff., PD =19.0 atm.
Vol. Eff., PD = 19.5 atm.
— Curve Fit hv.* [-] -

OcepHe

o
<
P

Volumetric Efficiency [-]
&
(=]

(=)
Volumetric Efficiency [-]
%

X
j

£'90% 7—?’ o

x®
(el
=)
s

& Vol Eff., PD = 2.5 atm.
B Vol Eff., PD = 3.0 atm.
A Vol. Eff., PD = 3.5 atm.
S
X

75% Vol. Eff., PD = 4.0 atm.[ ] 75%
Vol. Eff., PD = 4.5 atm.
— Curve Fit hv [-]
70% e 70%
1 2 3 4 5 3 4 5 6 7 8
Pressure Ratio (p,) [-] Pressure Ratio (p,) [-]

F R I B @‘ Facility for Rare Isotope Beams
U.S. Department of E Office of Sci . . .
w M,Chigiaa;t?;nug,ve:ﬂsy o6 oF meenee Nusair Hasan, International Accelerator School, July 10-20, 2023, Slide 49



Rotary Screw Compressor [4]

» Typical isothermal efficiency (n;) for a given BVR
« Left: SSCL Sullair LP stage 2.2 BVR
* Right: SSCL Sullair HP stage 2.6 BVR

» For a given BVR, and compressor stage (i.e., LP, MP, HP), the efficiency is
primarily dependent on the pressure ratio (p,-)

70% 70%
&5 @ Iso. Eff., PD = 12.0 atm.|
65% Z B Iso. Eff., PD = 14.0 atm.|
h £ 65% A Iso. Eff, PD =16.0 atm. |
. X E = ® Iso. Eff., PD = 18.0 atm.|
= 60% o i— : ¢ Iso. Eff., PD = 19.0 atm.|
= ’/i So=E - - O Iso. Eff, PD = 19.5 atm|
2 g 6U% —— Curve Fit hi,* [- -
g 550 - J £ |
E C ™S ) &
= 50% 3 55%
=] Ll
E 450 H *
= ® Iso. Eff, PD = 2.5 atm. £ 0% o
4 40% B Iso.Eff,PD=3.0atm.| 4 | §
A Iso. Eff., PD =3.5 atm. = ‘ \
o ® Iso. Eff, PD =4.0 atm. o 45%
35% X Iso.Eff, PD=45am.[— | 3
/ —— Curve Fit hi [-] &
30% I ! 40%
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Warm Gas (Helium) Compressors [2]

Heat rejected to atmosphere

Cooling Tower

IREET T

Heat rejected from process CW
to Cooling Tower CW

q Heat rejected from
compressors to process CW

HX’s |
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Warm Gas (Helium) Compressors [3]

= Electrical input power = heat rejected out cooling towers
* Enthalpy into compressors = enthalpy out of compressors

ISt Law: %
W,=m ’Cp' (Tp—Tg) + Q

1.80 MW =0+ 1.80 MW |

Discharge:
T,=308 K

1
;
pp = 18.0 bar ~——
!
|

g

m = 1.20 kg/s

Suction:
pg=4.90 bar
T¢=308 K

Isothermal Compressmn T,=T,=T,» W,=0
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Warm Gas (Helium) Compressors [4]

* Net enthalpy flux:

 Essentially zero to the cold box + load Q W,
* The power put into the compressors did not
Increase the energy of the helium $
Compressors
Zmi.hi:AHzo _._.‘ ..................
4.5 K Refrigerator
* S0, what is really being supplied to the (Cold Box)
refrigerator to support the load?
v }
Load

Facility for Rare Isotope Beams
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Isothermal (Gas) Compression [1]

= From the first law, the actual (shaft) input power s,
m(hy —h,) + W —-0Q =0

W = Q — m Ahy,
Where,
AhlZ — hl - hz

* Note: that heat transfer has been defined here as positive out of the
compressor

(P2, T2) (p1,T1)

Facility for Rare Isotope Beams
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Isothermal (Gas) Compression [2]

* \We designate the isothermal efficiency as,

Wyevr Reversible — isothermal compression input power

T W Actual shaft input power

» Usually the shaft power is not measured (although it can be)

» Rather, the electrical input power supplied to the (electric) motor is
measured

* The motor efficiency is a function of the fraction it is loaded (compared
to the ‘full’ load),

W  Actual (motor)shaft input power

T W, Actual motor input power

Facility for Rare Isotope Beams
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Isothermal (Gas) Compression [3]

* The reversible-isothermal input power is,

Wrev,T = m{eyr (P, T) —e1(p1, T)}
* Where,

T =T, & =¢@,T), and, & = (p,,T)
« Sub-script “2T” indicates the discharge is at the same temperature
(isothermal) as the suction

= S0,
WrevT = m{(hZT hy) — Ty (Sor — 51)}
WrevT = m{To Asio7 — Ahy, T}
* With,
Ah12,T — h1 - hZT
ASlZ,T — 51 - SZT > O

Facility for Rare Isotope Beams
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Isothermal (Gas) Compression [4]

= |[f we assume that the gas is an ideal gas, and one with a constant
specific heat, then, by definition of the process,
h1 — hz — Cp(Tl _Tz) =0

= Also, for an ideal gas, the change in entropy for an isothermal process

IS,
a5 =512, ) + 4 (2] =065 ()
* The reversible work is then,

WrevT = m{To Asior — Ahy, T} m Ty C In (gj)

*WhereR=¢ C,and ¢ =771/,
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Isothermal (Gas) Compression [5]

= The compression work is, W = — [ p dV

* From the ideal gas law for an isothermal process (and no mass
leakage during the compression),
pV=mRT -»pdV+Vdp=20
» S0 the compression work is,

P2 {4
szVdpszTJ —pszT ln(p—z)
pP1 p
= Differentiating this w.r.t. time, and substituting, R = ¢ C,,

W = mTe¢ C, ln(pz)
P1

= S0, this also gives us the heat transfer, since, W = Q (for an ideal gas
with a constant specific heat)

Facility for Rare Isotope Beams
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Isothermal (Gas) Compression [/]

* The irreversibllity is,
I = W_Wrev T— (ﬂiT - 1) WrevT
I =(=—1)mTyp C,In(22)

nr P1
= Also,
i — W_Wrev,T: m T¢ CP In (5?) m T0¢ C n (zi)
i = (T = To)$ C, In(22)

* For a real process, there must be a finite temperature difference from
the fluid being isothermally compressed to the environment; i.e.,
T—Ty>0
" S0,
I>0

Facility for Rare Isotope Beams
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FRIB Warm Compressor Skids [1]

* FRIB Main Compressor
Electric Motor

. \
‘o W

Helium Discharge

Helium After-
Cooler (A/C)

‘ \
B i

-

oy
e

st ||'.‘_.‘ D

Helium
Suction

Bulk Oil
Separator
(BOS)

-

Oi1l Filter
Oi1l Cooler

J»
(0/C) ‘
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FRIB Warm Compressor Skids [2]

* FRIB Main Compressor
Helium Discharge

Electric
Bulk Oi1l Motor

Helium After-
Separator (BOS) CWS

Cooler (A/C)

Oi1l Filter

Coupling Helium Stction
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FRIB Warm Compressor System [1]

» Used to increase the thermodynamic availability of the helium gas by
effectively isothermally pressurizing the gas

. | LPLStage | LPStage | MPStage | HPStage
1 2 1 2

WLVi 321/220 WLVi 321/193  WLVi 321/165 WLViH 321/193
35.526 l/rev 29.979 l/rev 26.649 l/rev 29.979 l/rev
4009 3508 3508 4512

124 99 99 305

746 KW 597 kW 597 kW 1864 kW

= \7 % — Ve
| e . , He GAS
— %; STORAGE %‘: %[:
— P - - |
T —— Gl el i SWING
- M
COALESCERS | H
J.PQ_
e
ADSORBER
g T
ErFILTER s |
T
P [

4.5 K COLD BOX
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Oil Removal
(Main Compressor Sub-System)

= Use to remove oil (liquid and vapor)
from helium gas prior to being
supplied to the 4.5 K cold box

= Oil (coating) on cold box heat
exchangers would significantly
degrade heat exchanger &
performance, and oil could
permanently damage cold box |
turbines '

= Usually comprised of three stages =SS
of glass-fiber coalescing elements,
followed by an activated carbon
adsorber and filter (5 ym abs.)

FRIB Final Oil Removal System
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4.5 K Refrigeration System
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4.5 K Refrigeration System [1]

= Many of the present large-scale helium
refrigerator / liquefiers will have 4 expansion
@_ __________________ (/”)1 ____________________ Tﬂ) stages (including a JT stage)

é HX-i é = Efficiency (operating cost) vs. capital cost of
equipment plays a major role

O — R - = But what is the (process) optimum to minimize
the input work (compressor mass flow)

WX‘i<:I[1EX-i < mx#* S| =For an ideal liquefier for helium (300 — 4.5 K),

with an expander pressure ratio of 16:1, the
optimum number of expansion stage (also
@ ...................................................... - referred as ‘Carnot’ stage) is ~ 4.0

= See

F R I B a Facility for Rare Isotope Beams
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4.5 K Refrigeration System [2]

= At FRIB, the maximum capacity of the 4.5 K refrigeration system is
approx. 18.5 kW at 4.5 K (equivalent refrigeration); i.e.,

« 180 g/s of Cold Compressor (CC) return flow (1.16 bar, 30 K)
« 4.0 kW of 4.5 K Refrigeration

«14.0 g/s of 4.5 K Liquefaction

« 20.0 kW of Shield Refrigeration (35-55 K)
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4.5 K Refrigeration System [3]

= Upper cold box (300 K to 60 K):

* Liquid nitrogen used to cool helium from
300to 80 K

» Uses thermo-siphon with proper LN/VN
phase separation Notzie e pe)

Header

» Dual carbon adsorber beds at 80 K to 1
remove any remaining air contaminate [ T 1 e
» Beds can be regenerated using electric ]

heater bands
» Equipped with bed bypass

| Heat transfer fin

Support plate

Side bar

a il ﬂz
\y
:J% Parting sheet
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exchanger’s in 4 cores

Cap sheet




4.5 K Refrigeration System [4]

BOK

= Typical thermo-siphon configuration of LN pre-cooler segment of a
4.5K cryogenic helium refrigeration system
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4.5 K Refrigeration System [5]

= | ower cold box (60 K to 4.5 K):

« 7 centrifugal turbines arranged in four
expansion stages

» I.e., 3 Brayton stages, each with 2 turbines in
series, plus a “JT-expander” stage

» 22 t0 45 mm (turbine) wheel dia., up to 3000
Hz

« 12 aluminum-brazed plate-fin HX's in 5
cores

e Carbon adsorber at 20 K for neon and
hydrogen

« 2000 ¢ helium phase-separator and sub-
cooler
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4.5 K Refrigeration System [6]

Shield Shield
Return Supply

T1-2 T3-4 T5-6 T7

- AN T <

AN
From \ *J‘ To
LN Pre-Cooler AN AN AN

\ Loads

} A% 4% 4% A% A% A% A% A% A% )

* Process configuration for FRIB 4.5 K refrigeration system (80 — 4.5 K)
section

:
:
:
:
:
:
:
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4.5 K Refrigeration System [7]

» Process configuration for FRIB SRF -
Test Facility 4.5 K refrigeration system L
* Linde LR280 Helium Refrigeration Cold —%
Box
| '
THRB%.f/Jl_\\ | L—lﬂEk
| I
| o | |
DE? \ | 2 |
| T _. | |
| | = ,
______ |
/o | s |
I : ]
ax @
- TG Al 0 N
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2.0 K Refrigeration System
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2.0 K Refrigeration System [1]

* Heavy ions are accelerated in the linear segments of the beam line by
employing superconducting radio-frequency (SRF) cavities

» SRF cavities operate at temperatures below the standard boiling point
of helium (4.2 K @1 bar), at FRIB this temperature is ~ 2 K

= A reduction in pressure is required to reach saturation conditions which
match the temperature requirements (FRIB ~ 30 mbar)

Helium Saturation Properties

MNiobium Cavity LE+0 - /“
Standard B.P.
RF Antenna /He Pumping Fort Potoar
1.E-1
H,Electric Fields et T o Poi )
S — iquid -2,
Licuid He Bath | / FRLE o b= o0moss bar
» Beam Path Z
- / 5 1E3
~ -
I || = A :- o>
I’
U 1.E-4
He Fill Fort
i .
[ o s
\ 0 1 2 3 4 5
Yacuum Insulation Temperature [K]

F R I B a Facility for Rare Isotope Beams
U.S. Department of E Office of Sci : . .
w MICh.ge;’f;[;‘tinuﬁ,ver”j{fy e o maenee Nusair Hasan, International Accelerator School, July 10-20, 2023, Slide 73



2.0 K Refrigeration System [2]

* There are several common methods that reduce the helium bath
pressure; each having unique advantages and disadvantages
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FRIB 2.0 Refrigeration System
Sub- Atmospherlc Cold Box (SCB) [1]

= Sub-atm cold box (SCB) allows FRIB Llnac to operate at 2 Kelvin (30 mbar)
» FRIB utilizes a full cold-compression system
= Cold-compression typically involves multiple centrifugal-type compressors in

series

« Used to re-compress the sub-atmospheric 30 mbar 4.5 K helium returning from cryo-
module Niobium cavities back up to ~1.2 bar

» Vapor is 4 K since a 4.5 K to 2 K Collins heat exchanger is used within the cryo-
module to cool the primary supply to the cavities
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FRIB 2.0 Refrigeration System
Sub-Atmospheric Cold Box (SCB) [2]

41110 41120 41130 41140 41150
254 rps 469 rps 700 rps 795 rps 795 rps

41118

253 rps 41128

468 rps 41138

699 rps 41148

794 rps

41158

794 ps Main Coldbox

41119 41110 41139 41130 41149 41140 41159 41150

|
|
|
|
|
|
|
|
|
|
|
L
3

298.50 K 2.521 kW 300.22 K 5.979 kW 300.45 K 6.059 kW 300.32 K 6.452 KW
| i F ! - - -
! :
I 41160 28.95 K I
1 1.181 bar 1.178 bar i
I | Floating ] [ Floating ] ( Floating ] [ Floating ] [l Floating ]] 28.00K 12.17 mbar| |
1 131.2 g/s 1
I I
| BX N(
: 41110 41120 41130 41140 |
: 07601 bar | | (2,07 mbar '
- 424K 7.26K 11.43 K 17.52 K 22.98 K g E{ |
—_ | — = = - |
I + 1
L o o o o o e e e e e T ———————— T ——————————— - - J

» Re-compression accomplished using 5 centrifugal cryogenic (cold)
COMpressors in series

« Compressors are directly coupled to an externally mounted (ambient temperature)
permanent magnet synchronous motors and controlled using a variable frequency
drive (VFD)

» Impeller diameters range from around 7-5/8 to 3-3/8 inches, and operate at speeds
up to around 300 to 800 Hz (depending on ‘gear ratio’ and impeller diameter)
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FRIB 2.0 Refrigeration System
Sub-Atmospheric Cold Box (SCB) [3]

*Top plate installation into vacuum shell (left) and typical cold
compressor (right)
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Helium Purification System
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Helium Purification System [1]

m n ' ' ' .
Co tammantg can be introduced in =
Several WayS Helium Tube Trailer {

o Gas Vendor (supply is ~30 ppm)
o Residual left from commissioning
o Sub-atmospheric refrigeration systems

= Main components of contamination in |

=

GHe Storage
Purification

I
I
|
I
I
industrial grade helium: 3 g l
o Air (nitrogen_, oxygen, etc.) N 5 i
o VOCs (oil mist, etc.) —_— |
LHe Dewar
o Water vapor (10 kL) |
. . I
= Purification to very low levels (< 1 ppm,, of i
contamination) is important for cryogenic i
applications |
. . . ESD ASD

* This can be done using adsorption, freeze-out, or | | |
membrane separation processes et e s —

« Industrial purifiers commonly use adsorption Helium Inventory and Purification System

and/or freeze-out processes Management for an accelerator facility
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Helium Purification System [2]

= Helium Purification Methods for Low Level Contamination Removal -
e Adsorption Purification
oMoisture is removed using (typically) molecular sieves / silica gel
oAlr is removed using activated carbon
* Freeze-out Purification

oExcellent control over removal of moisture (using S-V saturation
temperature)

oEfficient design is difficult (performance degradation with moisture
collection)

* Filtration

oCarried out wusing membranes (built using nano-manufacturing
processes)

oStill in development phase
oCan be used for very specific use cases, but mostly limited to very low

flow rates (very slow process)

& R
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Helium Purification System [3]

= At present, several designs of helium
purifiers for low level contamination
removal in industrial applications are
available

» The purifier shown was developed by
Wright et al. for Jefferson Lab

= [t uses a molecular sieve bed for

moisture removal and an activated
carbon bed for removal of other
gaseous  constituents  (nitrogen,
oxygen, argon, etc.)

= However, it was developed for
internal use at the facility and not
available commercially

College of Engineering
MICHIGAN STATE UNIVERSITY

e,
& R

Clean Nitrogen

Molecular

Sieve Bed -

Simplified schematic of an industrial helium
purification system for low level contamination
removal (designed by Wright et al. [2009])
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Helium Purification System [4]

- = Used for low level impurity
removal (~100 ppm to below

1 ppm)

= Purifier cold box
* Freeze-out HX for moisture
» Carbon bed for air
 Uses liquid nitrogen

= Purifier compressor
«~112 kW, 480 V, 3-ph
Jfoo = & * 109 s swept volume
| J& | *Hermetic housing
: . : * Oil used for lubrication of
Helium purifiers (left) and compressor (right) .
. bearings and rotors
(Located in FRIB compressor room)
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Helium Purification System [5]

= Low level moisture contamination (<100 ppm,)
difficult to remove with adsorption (e.g., dryer bed)

» Purification by moisture freeze-out provides excellent

performance and reliability over a long time period

» Freeze-out occurs in helium-helium-nitrogen heat exchanger (HX)
and its design is critical

= Purifier design uses liquid nitrogen (LN) cooled
adsorption for air contaminate removal

» Sensible heat of nitrogen used to pre-cool helium in coiled finned-
tube HX and freeze-out moisture contaminate

« HX provides relatively large surface area while maintaining
geometrical compactness

* FRIB design allows the purifier system to be operated I8 S
over a wide range of process conditions (6 — 18 bar, //' '
and 4 — 60 g/s)

» Preliminary study shows the system has the potential
to be scalable, and modifiable for hydrogen purification
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Helium Purification System [6]

» Major components of helium purifier
cold box:
 Coiled finned-tube HX
 Activated carbon adsorber bed

Iy
8
%
=
E?m
R

p— /& v /
el /
i
N, e

- g » Removes air contaminants
e g » LN Cooled
2 « Liquid nitrogen boiler (~80 K)
el g » Provides stable cooling
g » Associated interconnecting piping and
g sub-syste_ms for operation and
g regeneration
7
T % = HX i_s geometrically divided into two
g sections and has a folded
3t Z construction
g 5 « Contaminated stream flows over the

AN

é‘ )

finned-tubes (shell-side, from bottom),
and is cooled by the purified helium

e il
4655} —7/ stream
Comtaminated « Frost is thawed during regeneration and

Is collected at the bottom by gravity
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Cryogenic Distribution
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Control Valves ©
(Pneumatic)

Thermal
Shielding

300.0 K (Max)
s
216.7K
161.1K
105.6 K
50.0 (Min)
G-10 Plate

FRIBE .

+~~ Connections

LS Anchor
/_ Assembly

50.0 K (Max)
HJS,O K

I 350K
250K
150K
4.5 (Min)

Bayonet (Female)

Piping

G-10 Plates

300.0 K (Max)
H 918K

1282.1K
2508K
195.6 K
4.5K (Min)

SST 304 Tabs SST 304 Bolts (x10)

(x6, Welded to
Vacuum Jacket)

Facility for Rare Isotope Beams
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Cool-down Supply —/

4.5 K Supply

4.5 K Return

Cryogenic Distribution [1]

Shield Return
/_ — Shield Supply
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:// \—Quench Return
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Cryogenic Distribution [2]

Vacuum

o~ / Jacket i
Q ‘ Quench Recovery Dewar
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- for target and fragment (pre-)separator
segment

@‘ Facility for Rare Isotope Beams
6 , U.S. Department of Energy Office of Science

Michigan State University Nusair Hasan, International Accelerator School, July 10-20, 2023, Slide 87



Miscellaneous Sub-Systems
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Superconducting Magnet Quench [1]

Magnet Quench Recovery Dewar:
> It is a 10,000-liter (nominal) vessel
designed to —
= Absorb the pressure pulse and energy
from the quench in a magnet and
contain the helium with out venting
= Aid in helium inventory management
during maintenance

» This design concept is based on the
successful quench testing of magnet
strings (ASST-A) at Super Conducting
Super Collider without venting helium
(Ganni, V., SSCL 5, 1993)

Quench flow
Injection manifold

Figure: 3D Model of quench management
dewar and associated distribution box.

F R I B @‘ Facility for Rare Isotope Beams
U.S. Department of E Office of Sci . . .
w M,chigzaa;tr;inu:,ve:jtrsy o6 oF meenee Nusair Hasan, International Accelerator School, July 10-20, 2023, Slide 89



Superconducting Magnet Quench [2]

» Consider a cryogenic buffer volume to absorb both .
the mass and energy released during the quench of @ ™ gifreion Srem -
superconducting magnet

= This buffer volume is referred to as the Quench
Inventory Management / Recovery Dewar (or QRD) Superconducting

Magnet Cryostat

= Typically, the boil-off helium expelled from the
superconducting magnet cryostat has a temperature
in range of 4.5 — 15 K and has significant amount of
cryogenic refrigeration stored in it

Superconducting Coil

= This boil-off flow (due to quench) from the magnet
can be directly injected into a pool of saturated liquid Quench Recovery Dewar
helium stored in a cryogenic buffer volume

» The resulting direct contact heat exchange between the liquid helium and the quench release
flow cools the latter at the expense of generating more boil-off helium and hence pressurizes
the buffer vessel

» This process takes advantage of the increased compressibility of the near-critical helium to
keep the pressurization of the buffer vessel at manageable levels (below 2.0 bar)

» The buffer vessel (and cryostat) can be depressurized later during the recovery period
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Superconducting Magnet Quench [3]

o Cryostat Pressure o
o Quench Recovery Dewar Pressure §
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Fig.. Transient response of the FRIB 0 0.1 0.2 0.3 0.4
Experimental System LTS Di-pole Estimated Energy Input to QRD [kJ/liter]
magnet (SCD3), and the quench Fig.: Calculated and measured pressure rise in
recovery dewar following a quench QRD due to (quench) energy addition
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THANK YOU

Further Inquiries: hasann@frib.msu.edu
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