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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
i.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
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Cryogenic Refrigeration / Liquefaction

» Cryogenic loads:
* Isothermal (constant temperature) refrigeration;
» heat into a saturated liquid bath, maintained at constant pressure
» Involves phase change (at constant pressure) of refrigerant fluid
* Liquefaction; liquid supplied and withdrawn from a saturated liquid bath,
maintained at a constant pressure
* Non-isothermal refrigeration; e.g., fluid sensibly heated
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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) I
sense)

« This may be true over the entire
temperature range (saturated fluid to
ambient), or only for a portion of the
temperature range
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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
The Traditional Carnot Cycle

= 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 beAheat rejection to the environment!
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Thermodynamic Basis
The Traditional Carnot Cycle [2]

= 2nd [gw 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 1t Law, since we start and end at the same state point
for a cycle,

AE:():%(SW‘Ff(SQ=Wnet,rev_QH+QL

* Where, W, ¢, rey IS the net work input; i.e., total input work (W) minus
total output work (W)
Whetrev = We — Wy = AS(Ty —T)

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

defined as, .
o2
Wnet,rev T
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Thermodynamic Basis
The Traditional Carnot Cycle [3]

» More commonly in cryogenics,
we refer to the inverse of the
coefficient of performance, as it 300
IS more representative of the
energy intensiveness of such
processes; i.e., ratio of net input
power to cooling provided to the
load

ﬁi = COPjpy, =

250

200

To

T 1

= Note that to arrive at this result,
we did not have to assume T 1
anything about the process

between the reversible S~
isothermal heat transfer steps, | 10 100
except that the entropy Temperature (7) [K]
difference was constant at a

given temperature

[W/W]
&
o
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Carnot Inverse Coeff. of Performance ()
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Thermodynamic Basis
The Traditional Carnot Cycle [4]

= Below are some results for a number of refrigerants:

T g L | L,

R-11 137.4 296.8 181.3 0.611 0.01
3
R-124 120. 43.4 . . . .
R-717 66.05 239.8 1369 5.708 343.5 0.25
R-22 86.48 234.3 230.4 0.992 67.1 0.29
131.3 165.0 96.4 0.584 78.8 0.82
R-784 83.80 119.8 107.9 0.901 162.4 1.50
R-50 16.04 11.7 510.3 4.571 860.8 1.69
R-732 32.00 90.19 213.1 2.362 495.7 2.33
R-740 39.95 87.28 161.3 1.848 393.0 2.44
R-728 28.01 77.31 198.9 2.571 572.4 2.88
R-720 20.18 27.09 85.7 3.164 863.4 10.1
4.028 23.66 320.9 13.77 3810 11.9
Para Hydrogen 2.016 20.28 445.4 21.97 6145 13.8
Helium-4 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 atm.

is the reversible (specific) input work required for isothermal refrigeration at T,

rev
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Concept of Exergy (Availability)

* 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.

» 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. The most natural and convenient
standard is the maximum work which can be obtained from a given form of
energy using the environmental parameters as the reference state.

» This standard of energy quality is called exergy.
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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
iIsothermal heat load will a Carnot Refrigerator support using

the same amount of reversible input work.

Facility for Rare Isotope Beams

F R U.S. Dep f Sci
I B Q’@ Michigan Str:te Um VVVVVVV ceormaen SRF2023 - Tutorial Lecture on Cryogenics, Slide 11



Liquefaction to Refrigeration Equivalence [2]

= Consider a general steady process; the First Law is,
Q+ W + X mihy — Yoy ehe = 0

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

Q = Qrev — TO(Se - Si) =Ty Zout MeSe — T Zin m;s;
= Further, if the input power is equal to the reversible input power then,
W = I/i/rev
* S0, we have, for a steady reversible process,
Wrey = ) titg(he = Ty 5¢) = ) 1ity(hi = To )

4 :

» \We define the quantity c())%t‘physical exergy’ as”,1
E=h—Tys
* Note that physical exergy has units of [J/kg]

= Reversible input power, W,.,, = m, &, — 1; &;

Facility for Rare Isotope Beams

US.D fE Office of S :
I B w Michigeaaa;ttr;tznbgiv;jsy e of maence SRF2023 - Tutorial Lecture on Cryogenics, Slide 12



Liquefaction to Refrigeration Equivalence [2]

= For the Carnot refrigerator:

e smeol REL g Ty ud G

‘Helium-4 3G R-704 4.003 20.7  4.898 1449 69.9
=For the Carnot liquefier:
[Helium=4~ T8 R-704 4.003 422 1564  28.01 8403 6839

= Refrigeration specific load exergy (reversible input work)
Wrev,R = Aeg = 1449 ]/g

»|_atent heat (mass specific cooling provided)
A=20.7]/g

= iquefaction specific load exergy
Wyep = Ag, = 6838 J/g

= Equivalence:
dR,eq

A
Rea _ 1251 _ 977 W/(g/s)
mL,eq €R
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Concept of Thermal (Radiation) Shield [1]

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

temperature.

(heat exchangers,

» In that case, part of the thermal radiation
heat 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

iIs absorbed by the load maintained at load
temperature (say, 4.5 K for a LHe cryostat).

» There exists an optimum thermal intercept

temperature

at which exergy

(loss)

associated with this heat in-leak is minimum.

FRIB{.
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Concept of Thermal (Radiation) Shield [2]

= Heat in-leak from environment to thermal

shield Vacuum Jacket at T,
qs = edsop (T(;L - Ts4) l
= Reversible input work (exergy) associated with / \
this heat transfer / \

T, —T.
Es=(0 S/Ts)qs

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

= Reversible input work (exergy) associated with \
this heat transfer \U

T, —T
EL:(S L/TL)CIL

» Total exergy (loss) for heat in-leak due to
radiation

//

Load (Cryostat) at T},
Thermal Shield at T

E=E+E
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Concept of Thermal (Radiation) Shield [3]

= Considering a LHe cryostat (T, = 4.5, A,=1.0m?, A, = 1.0 m?, e = 0.1), the
optimum temperature at which exergy (loss) due to radiation heat in-leak will

be minimum is approx. 99 K.

—q (shield) =q (load)
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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, 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 [1]

= 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
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JT Process [2]

= JT coefficient is defined as the
. L oT
partial derivative, u; = ( )
h

ap 60
" Below is a plot of constant enthalpy
lines (dashed green lines) on a
pressure-temperature diagram for ] nn
helium 200 J/g

180 J/g
160 J/g

\ 140 J/g
)
/
/

Temperature [K]
(O8]
[w=]

[\
[}

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

120 J/g

100 J/g
90 J/g

80 Jg
-470 7/g
60 J/g
50 J/g

» Observe that above approx. 40 K,
the JT coefficient (for helium) is
always negative; i.e., no cooling will
occur when the pressure is reduced Pressure [atm]
at constant enthalpy

40 J/g

50

= This is called the maximum inversion
temperature and varies with the fluid
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JT Process [3]

» Table below shows the inversion temperature for selected fluids

m NBP | R | a | b | Time' | Tima |
Oxygen  [eX

_[K] | [J/kg-K] [[Pa-m®/kg?)] | [m’kg] | [K] | [K]
R-732 90.19  259.8 1350  0.0009956 1043 757

VNEE Ar R-740 87.30 208.1 85.33 0.0008062 1017 763
DEEFES N,  R-728 77.35 296.8 174.3 0.001379 852 607
Ne R-720 27.10 412.0 52.90 0.0008550 300 220
D 23.66 2064 1573 0.005890 259 211
I H, R-702 2037 4124 6082 0.01318 224 201
EAMTESS He R704 422 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

» Reversed — because it is used for
refrigeration rather  than power
generation

* Modified — because it has isothermal @
compression and isentropic expansion

*» Recall a Brayton cycle has isentropic @

compression and expansion Load
WX@DEX $ {2 4x
* Note that this process provides non-
isothermal cooling @ _____________________________________________________ _
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Claude Process

* Think of this as a super-position of a Brayton & pYe
process-stage and a JT process-stage ——mn

(h) ©

@ ......................... !

*\With the Brayton stage providing sensible
cooling of the liquefaction mass flow (m;) @
from, T} 3, to, T} 4 u

= Since this additional cooling is provided, less
input exergy is required from the compressor,
than would otherwise be needed for a pure
JT process supporting the same liquefaction
load

Facility for Rare Isotope Beams
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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 quuefier
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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 liquefier 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
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Collins Process [3]

U

| 727707708 0901077
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Collins Process [4]

* (Now) Linde model 1410
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Overview - Large Helium Cryogenic Systems

Major Helium Refrigerator Sub systems:

« Warm (Helium) Gas Storage « 4.5 K Helium Refrigerator (Cold Box)
o LN Pre-cooling
« Warm compressors o Expansion Stages
o Compressor skids o Heat Exchangers
o Gas management
o Bulk oil removal « 2.0 K(Sub-Atm) Refrigerator
o Vacuum Pump
« Oil Removal System o Cryogenic Centrifugal Compressors
o Ads. Beds o Heat Exchangers

o Coalescing Filters
« Cryogenic Distribution System

Gas Purification System
« Cryostats

Cryogenic Storage (Dewar) o Cryo-modules
o Superconducting Magnets
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Cryogenics at FRIB

= \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

Facility for Rare Isotope Beams
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Warm Gas (Helium) Compressors

» 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

z W Discharge T :

o _T;f; arlfe' emp. e 19

2 p. Ratio .
= - 1.8 6
g - 1.7 o
g} / - =
: / _ 16 3
2. 400 - 1.5 @
= / 14
= g
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]

= 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 g ’
¢ Vol Eff, PD=12.0 atm.
m Vol Efr’[ﬁ, PD = 14.0 atm.
o, || 50, A Vol Eff., PD=16.0 atm.___
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B M # -0 . ) O Vol Eff, PD=19.5 atm.
% 90% 7—?’ —x-\ﬁ E 90% Curve Fit hv.* [-] -
2 S
& g 2
= 85% +— — | = 85% —
- ©
£ E ~AE—{e ||
£ 0, — - 0/
= o & Vol Eff,, PD= 2.5 atm. g e
L B Vol Eff., PD= 3.0 atm. =
i A Vol Eff., PD = 3.5 atm. 3
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X Vol Eff., PD= 4.5 atm.
—— Curve Fit hv [-]
T0% - 70%
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Rotary Screw Compressor [3]

= 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,)

L 70%
B @ Iso. Eff, PD =12.0 atm.|
65% 2 B Iso. Eff., PD = 14.0 atm.|
Ft E 65% A Iso. Eff., PD = 16.0 atm.__|
é ‘o E ® Iso. Eff, PD = 18.0 atm |
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g << 70 —Curve Fit hi.* [-] .
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g C = E s
& =
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: 45% g 1
g B S <o, )
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Rotary Screw Compressor [4]

* Helium compressors

Helium Discharge

Electric &
Bulk Oil Motor
Separator (BOS)

Helium After-
Cooler (A/C)

He SUCTION CWS
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( Oil Filter
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*—* A r‘ﬂ

SE0006H000B0OOOCOO0E
((D
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FRIB Warm Compressor Skids [1]

* FRIB Main Compressor

T Helium Discharge
Electric Motor

Helium After-
Cooler (A/C)

-

)
:r

Helium Bulk Oil
Suction<=
Oil Filter Segg‘;tor
O1l Cooler Electrical ( )
(0/C) ectrica
Control Panel
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FRIB Warm Compressor Skids [2]

* FRIB Main Compressor
Helium Discharge

Electric
Bulk Oil 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 LP Stage | _MP Stage | _HP Stage |
2 1 2

No.ofUnits | 1

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

SWING

COALESCERS | H
P

LP

ADSORBER

MPH

LP

EILTER

s fss

id

P P L
4.5 K COLD BOX
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FRIB Warm Compressor System [2]

= = Em 2 Em 2 EEm o Em o EE o Em =

.«:% G  Heat rejected to atmosphere

e
Cooling Tower Loop

Heat rejected from process CW

CW HX to Cooling Tower CW

A A
Q

. *®,
Main Compressor"
HX’s

% q Heat rejected from
compressors to process CW
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FRIB Warm Compressor System [3]

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

ISt Law: %
W,=m 'Cp' (Tp—Ty + Q

I.80MW=0+180MW \ !
, i
| / : Suction:
pp = 18.0 bar ~—— - ps = 4.90 bar
T,=308 K ; \ Ty=308 K
;

I
=1.20 kg/s :

Isothermal Compressmn T,=Ty=T,» W,=0

Facility for Rare Isotope Beams
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FRIB Warm Compressor System [4]

* Net enthalpy flux:
 Essentially zero to the cold box + load

* The power put into the compressors did not
increase the enerqy of the helium

Zmi'hi=AH:0
[

* So, what is really being supplied to the
refrigerator to support the load?

F R I B Facility for Rare Isotope Beams
U.S. Department fE g Office of Sci
&m Michigan State Un

Compressors

._.‘ ..................

4.5 K Refrigerator
(Cold Box)

Load
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from helium

Oil Removal
(Main Compressor Sub-System)

= Use to remove oil (liquid and vapor)

gas prior to being

supplied to the 4.5 K cold box

= Oil (coating)
exchangers
degrade
performance,
permanently
turbines

on cold box heat
would  significantly
heat exchanger
and oill could
damage cold box

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

FRIBE .

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

DR A A

Final oil removal
(outside, south side)

SRF2023 - Tutorial Lecture on Cryogenics, Slide 41



FRIB 4.5 K Refrigeration System [1]

» Maximum capacity approx. 18.5 kW at 4.5 K (equivalent refrigeration);
l.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)

@ Facility for Rare Isotope Beams
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FRIB 4.5 K Refrigeration System [2]

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

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

» Uses thermo-siphon with proper LN/VN
phase separation

* Dual carbon adsorber beds at 80 K to
remove any remaining air contaminates

» Beds can be regenerated using electric
heater bands

» Equipped with bed bypass

* 4 aluminum-brazed plate-fin heat
exchanger’'s in 4 cores

@ Facility for Rare Isotope Beams
(¢ U.S. Department of Energy Office of Science . .
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FRIB 4.5 K Refrigeration System [3]

= Lower 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 to 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

@ Facility for Rare Isotope Beams
¢ U.S. Department of Energy Office of Science . .
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FRIB 4.5 K Refrigeration System [4]

-~ U
O i

£ 7

4.5 K helium cold box
(upper and lower sections; cold box room)
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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 LEH0 » /“
Standard B.P.
RF Antenna /He Pumping Fort Potoar
1.E-1
H,Electric Fields o T
. . iquid =2
Liguid He Bat_ll / F LE2 (Liquid) T-2076K
» Beam Path Z
- / g 1E3
~ -
I || = A :- o>
I’
U 1.E-4
He Fill Fort
i I
[ o LB
\ 0 1 2 3 4 5
Yacuum Insulation Temperature [K]

@ Facility for Rare Isotope Beams
(¢ U.S. Department of Energy Office of Science
@ Michigan State University SRF2023 - Tutorial Lecture on Cryogenics, Slide 46



2.0 K Refrigeration System [2]

* There are several common methods that reduce the helium bath
pressure; each having unique advantages and disadvantages

Main Compressors Main Compressors
WVC WVC

I I

wn U

-~ = AR

) =0 HX

m == m -

= HX =

(0 ]0] T . oe}

o 1] CC

= o

S 5 cc

CC
Distribution Distribution
& Load & Load

Warm-Compression Mixed-Compression

@‘ Facility for Rare Isotope Beams
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F
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n
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o

=y CC
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CC

Distribution

& Load

Cold-Compression
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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

@ Facility for Rare Isotope Beams
[ ¢ U.S. Department of Energy Office of Science
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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 rps Main Coldbox
297.64 K 29712 K 298.67 K 297.95 K 300.80 K
41119 41110 41159 41150 1
29850K o | 2521kw | | | 30161k M | a278kw | | [ 30022K [ | 5.979Kkw | [, L300.32K R e =
[ :
I 41160 28.95 K I
: 1.181 bar 1.178 bar I
1 1
= = = - = 28.66 K 12.17 mbar
Floatin Floatin Floatin Floatin Floatin
! ( g | ( 9 | ( 9 | ( 9 J ( 9 | wizgs || |
' X ]
I =] N(
1 41110 41120 41130 41140 |
I 0.7601 bar | | [-207 mbar I
1 4.24 K 7.28 K 1143 K 17.52 K 22.98K H E{ |
1 i — — — — — 1
I + I
I — e 1

= 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)

@ Facility for Rare Isotope Beams
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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)

Facility for Rare Isotope Beams
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FRIB Helium Purification System

- = 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
* 109 ¢/s swept volume
* Hermetic housing

Helium purifiers (left) and compressor (right) ) Sellal;isnedsfgrr] Cllurbort'gfstlon of
(Located in FRIB compressor room) J

@‘ Facility for Rare Isotope Beams
| U.S. Department of Energy Office of Science
m Michigan State University
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FRIB Cryogenic Distribution [1]

» Cryogenic distribution connects the FRIB main refrigeration system
with the loads; which for FRIB are the,
* Linear accelerator (Linac) and,
» Experimental system superconducting magnets

Reaccelerator

lon Source

Fragment ' " <y =
Separator T - T
Production Target Superconducting RF
Systems Linear Accelerator
(Linac)
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FRIB Cryogenic Distribution [2]

» Cold box room (Linac) distribution plan view

R |
L e TmlEp et e
E:... ?O. ﬁ 03
.© . .O; X ) ) / \—
i I

Right: Vertical shaft and branch |[{|/ -

sections for Linac transfer-line
segments

: 1y
F R I B @‘ Facility for Rare Isotope Beams
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FRIB Cryogenic Distribution [3]

* Linac is ‘folded’ into the shape of a ‘paper clip’: three straight sections,
LS1, LS2, and, LS3

= Type and number of CM’s in each Linac segment: 6 types

Beta ratio (8) | 0.041 | 0.085 | 0.085M 2 lﬂnmm

3 11 1 0

0 0 0 12 12 0 24
0 0 0 0 6 1 7
3 11 1 12 18 1 46

« 2 M = ‘Matching’
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FRIB Cryogenic Distribution [4]
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FRIB Cryogenic Distribution [5]

Control Valves
{Pneumatic)

Thermal
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FRIB Cryogenic Distribution [6]

Figure: (left) Magnet Test Station Distribution / Bayonet Box and,
(right) SCD1 magnet field mapping ongoing at Magnet Test Station

Magnet Test Station:
» One of the magnet distribution boxes are used as a magnet testing station

» Consists all other required utility connection for magnet field mapping, quench
handling and protection and steady-state operation

@ Facility for Rare Isotope Beams
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FRIB Cryogenic Distribution [7]

Magnet Quench Recovery Dewar:

» Itis a 10,000-liter (hnominal) 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

» The dewar vessel is connected to the
distribution system via bayonet style cryogenic
couplings

» The cool-down / quench return header is routed
to both the top (vapor space) and bottom (liquid
space) of this dewar vessel.

» 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)

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

Quench flow
Injection manifold

Figure: 3D Model of quench management
dewar and associated distribution box.
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FRIB Cryogenic Distribution [8]

o Cryostat Pressure

1000

o Quench Recovery Dewar Pressure
& Cryostat LHe Level _ =
=
E
;| | oo
g e N 2 . / (SCD3)
a o 3 (SCD4)°(SCD4)
T & = &£~
2 o B w
P o S 5 (WIQ7)
A e Y : % (WIQ3)
w —
£ e SR ©(WIQ5)
m 4% £ o
m —
%\h T
[z —Theoretical (Maximum)
¥
> o Experimental Data (Magnet Quench)
Time [min] .
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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MSU Cryogenic Initiative [1]

= MSU Cryogenic Initiative is a collaboration between FRIB and the
College of Engineering

» Goals
« Educate and train future cryogenic engineers and system innovators

* Investigate, propose, and foster efficient cryogenic process designs, and
perform research to advance cryogenic technologies

 Sustain a knowledge base of cryogenic technology and skills

@ Facility for Rare Isotope Beams
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Cryogenic Engineering:
Research and Development

* Are helium cryogenic systems an ‘established’ technology like
‘conventional’ facilities?
» Cryogenic engineering is a specialized engineering discipline
* These systems are largely one-of-a-kind due to the experimental nature of

the science they support, and the long project timespans (e.g., 14 years for
FRIB; 2008 to 2022)

» The low volume production, one-of-a-kind design/application, and long
project time-span aspects are limiting industry from sustaining any R&D
effort for equipment, systems, and technology needed

« Consequently, much of the equipment is adapted from other industries, such
as oil and gas and commercial refrigeration
» But the adaptation is usually inefficient and lacking reliability and robustness

» Often manufacturers will not even want to supply their equipment for others to
adapt it for cryogenic system application!

Facility for Rare Isotope Beams
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Cryogenic Engineering: Research Focus [1]

= Research Focus

* Cryogenic System Operational Optimization
» Operating the system under optimal process conditions for a given
experimental system requirement

» Failure Mode Analysis — Operating the system under various sub-
component failure

» Overall modes of operation for FRIB cryogenic system

« Cryogenic System Hardware
» Helium Purification and Preservation
» Quench Recovery and Inventory Management
» Warm Compressor Efficiency Improvement
» Small-scale 2K System Capacity Improvement

* Cryogenic Component Development

» Heat exchangers for small / medium scale cryogenic systems, and sub-
systems

» Cryogenic control valve studies

Facility for Rare Isotope Beams
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Cryogenic Engineering: Research Focus [2]
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formation in cryogenic heat exchangers
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Cryogenic Engineering: Research Focus [3]

= \Warm Helium Compressor
* Highly resource intensive, majority of the
system losses
* Development of compressor skid for small-
scale systems with wide-range operation

» Cryogenic centrifugal compressors (‘cold
compressors’)
» Operating envelop of these equipment under

cryogenic condition is not well-defined; often Eekard: Tmpeller O
determined via extensive testing | Npew e mae
*Lack of interest from Industry due to niche OO e A
market, unavailability = of  associated : Newaw
cryogenic system (distribution) for equipment :~ T
¥ ¥ F 5 N=12,000
development oo e e

1.2
2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0

Mass Flow Rate [kg/s]
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THANK YOU

Further Inquiries: hasann@frib.msu.edu

F R I B FaC|I|ty for Rare Isotope Beams
f Sci
w tttttttttttttttttttttt ¢ ofscie SRF2023 - Tutorial Lecture on Cryogenics, Slide 65



	21st International Conference on Radio-Frequency Superconductivity (SRF 2023)���Tutorial Lecture on�Cryogenics��Nusair M. Hasan
	Cryogenic Engineering
	Cryogenic Refrigeration / Liquefaction
	Cryogenic Refrigeration / Liquefaction [2]
	Cryogenic Refrigeration / Liquefaction [3]
	Thermodynamic Basis�The Traditional Carnot Cycle
	Thermodynamic Basis�The Traditional Carnot Cycle [2]
	Thermodynamic Basis�The Traditional Carnot Cycle [3]
	Thermodynamic Basis�The Traditional Carnot Cycle [4]
	Concept of Exergy (Availability)
	Liquefaction to Refrigeration Equivalence [1]
	Liquefaction to Refrigeration Equivalence [2]
	Liquefaction to Refrigeration Equivalence [2]
	Concept of Thermal (Radiation) Shield [1]
	Concept of Thermal (Radiation) Shield [2]
	Concept of Thermal (Radiation) Shield [3]
	Practical Cryogenic Cycles [1]
	Practical Cryogenic Cycles [2]
	JT Process [1]
	JT Process [2]
	JT Process [3]
	Reversed-Modified Brayton Process
	Claude Process
	Collins Process [1]
	Collins Process [2]
	Collins Process [3]
	Collins Process [4]
	Overview - Large Helium Cryogenic Systems
	Cryogenics at FRIB
	Warm Gas (Helium) Compressors
	Rotary Screw Compressor [1]
	Rotary Screw Compressor [2]
	Rotary Screw Compressor [3]
	Rotary Screw Compressor [4]
	FRIB Warm Compressor Skids [1]
	FRIB Warm Compressor Skids [2] 
	FRIB Warm Compressor System [1]
	FRIB Warm Compressor System [2]
	FRIB Warm Compressor System [3]
	FRIB Warm Compressor System [4]
	Oil Removal �(Main Compressor Sub-System)
	FRIB 4.5 K Refrigeration System [1]
	FRIB 4.5 K Refrigeration System [2]
	FRIB 4.5 K Refrigeration System [3]
	FRIB 4.5 K Refrigeration System [4]
	2.0 K Refrigeration System [1]
	2.0 K Refrigeration System [2]
	FRIB 2.0 Refrigeration System�Sub-Atmospheric Cold Box (SCB) [1]
	FRIB 2.0 Refrigeration System�Sub-Atmospheric Cold Box (SCB) [2]
	FRIB 2.0 Refrigeration System�Sub-Atmospheric Cold Box (SCB) [3]
	FRIB Helium Purification System
	FRIB Cryogenic Distribution [1]
	FRIB Cryogenic Distribution [2]
	FRIB Cryogenic Distribution [3]
	FRIB Cryogenic Distribution [4]
	FRIB Cryogenic Distribution [5]
	FRIB Cryogenic Distribution [6]
	FRIB Cryogenic Distribution [7]
	FRIB Cryogenic Distribution [8]
	MSU Cryogenic Initiative [1]
	Cryogenic Engineering: �Research and Development
	Cryogenic Engineering: Research Focus [1]
	Cryogenic Engineering: Research Focus [2]
	Cryogenic Engineering: Research Focus [3]
	Slide Number 65


<<

  /ASCII85EncodePages true

  /AllowTransparency false

  /AutoPositionEPSFiles false

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile ()

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Warning

  /CompatibilityLevel 1.6

  /CompressObjects /Off

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /LeaveColorUnchanged

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType true

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 524288

  /LockDistillerParams true

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments false

  /ParseDSCCommentsForDocInfo false

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo false

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments false

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Preserve

  /UCRandBGInfo /Remove

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

    /ABSALOM

    /AgencyFB-Bold

    /AgencyFB-Reg

    /Algerian

    /ALIBI

    /AllegroBT-Regular

    /Arial-Black

    /Arial-BlackItalic

    /Arial-BoldItalicMT

    /Arial-BoldMT

    /Arial-ItalicMT

    /ArialMT

    /ArialNarrow

    /ArialNarrow-Bold

    /ArialNarrow-BoldItalic

    /ArialNarrow-Italic

    /ArialRoundedMTBold

    /ArialUnicodeMS

    /AvantGardeITCbyBT-Book

    /AvantGardeITCbyBT-BookOblique

    /AvantGardeITCbyBT-Demi

    /AvantGardeITCbyBT-DemiOblique

    /BankGothicBT-Medium

    /BaskOldFace

    /Batang

    /BATAVIA

    /Bauhaus93

    /BellMT

    /BellMTBold

    /BellMTItalic

    /BenguiatITCbyBT-Bold

    /BerlinSansFB-Bold

    /BerlinSansFBDemi-Bold

    /BerlinSansFB-Reg

    /BernardMT-Condensed

    /BernhardFashionBT-Regular

    /BernhardModernBT-Bold

    /BernhardModernBT-BoldItalic

    /BlackadderITC-Regular

    /BodoniMT

    /BodoniMTBlack

    /BodoniMTBlack-Italic

    /BodoniMT-Bold

    /BodoniMT-BoldItalic

    /BodoniMTCondensed

    /BodoniMTCondensed-Bold

    /BodoniMTCondensed-BoldItalic

    /BodoniMTCondensed-Italic

    /BodoniMT-Italic

    /BodoniMTPosterCompressed

    /BookAntiqua

    /BookAntiqua-Bold

    /BookAntiqua-BoldItalic

    /BookAntiqua-Italic

    /BookmanOldStyle

    /BookmanOldStyle-Bold

    /BookmanOldStyle-BoldItalic

    /BookmanOldStyle-Italic

    /BookshelfSymbolSeven

    /BradleyHandITC

    /BremenBT-Bold

    /BritannicBold

    /Broadway

    /BrushScriptMT

    /Calibri

    /Calibri-Bold

    /Calibri-BoldItalic

    /Calibri-Italic

    /Calibri-Light

    /Calibri-LightItalic

    /CalifornianFB-Bold

    /CalifornianFB-Italic

    /CalifornianFB-Reg

    /CalisMTBol

    /CalistoMT

    /CalistoMT-BoldItalic

    /CalistoMT-Italic

    /Cambria

    /Cambria-Bold

    /Cambria-BoldItalic

    /Cambria-Italic

    /CambriaMath

    /Candara

    /Candara-Bold

    /Candara-BoldItalic

    /Candara-Italic

    /CASMIRA

    /Castellar

    /Centaur

    /Century

    /CenturyGothic

    /CenturyGothic-Bold

    /CenturyGothic-BoldItalic

    /CenturyGothic-Italic

    /CenturySchoolbook

    /CenturySchoolbook-Bold

    /CenturySchoolbook-BoldItalic

    /CenturySchoolbook-Italic

    /CharlesworthBold

    /Chiller-Regular

    /ColonnaMT

    /ComicSansMS

    /ComicSansMS-Bold

    /ComicSansMS-BoldItalic

    /ComicSansMS-Italic

    /Consolas

    /Consolas-Bold

    /Consolas-BoldItalic

    /Consolas-Italic

    /Constantia

    /Constantia-Bold

    /Constantia-BoldItalic

    /Constantia-Italic

    /CooperBlack

    /CopperplateGothic-Bold

    /CopperplateGothicBT-Bold

    /CopperplateGothic-Light

    /Corbel

    /Corbel-Bold

    /Corbel-BoldItalic

    /Corbel-Italic

    /CourierNewPS-BoldItalicMT

    /CourierNewPS-BoldMT

    /CourierNewPS-ItalicMT

    /CourierNewPSMT

    /CurlzMT

    /DauphinPlain

    /Ebrima

    /Ebrima-Bold

    /EdwardianScriptITC

    /ELEGANCE

    /Elephant-Italic

    /Elephant-Regular

    /ELLIS

    /English111VivaceBT-Regular

    /EngraversMT

    /ErasITC-Bold

    /ErasITC-Demi

    /ErasITC-Light

    /ErasITC-Medium

    /EstrangeloEdessa

    /EXCESS

    /FelixTitlingMT

    /FootlightMTLight

    /ForteMT

    /FranklinGothic-Book

    /FranklinGothic-BookItalic

    /FranklinGothic-Demi

    /FranklinGothic-DemiCond

    /FranklinGothic-DemiItalic

    /FranklinGothic-Heavy

    /FranklinGothic-HeavyItalic

    /FranklinGothic-Medium

    /FranklinGothic-MediumCond

    /FranklinGothic-MediumItalic

    /FreestyleScript-Regular

    /FrenchScriptMT

    /FuturaBlackBT-Regular

    /FuturaBT-Bold

    /FuturaBT-BoldItalic

    /FuturaBT-ExtraBlack

    /FuturaBT-Light

    /FuturaBT-LightItalic

    /Gabriola

    /Gadugi

    /Gadugi-Bold

    /Garamond

    /Garamond-Bold

    /Garamond-Italic

    /Gautami

    /GENUINE

    /Georgia

    /Georgia-Bold

    /Georgia-BoldItalic

    /Georgia-Italic

    /Gigi-Regular

    /GillSansMT

    /GillSansMT-Bold

    /GillSansMT-BoldItalic

    /GillSansMT-Condensed

    /GillSansMT-ExtraCondensedBold

    /GillSansMT-Italic

    /GillSans-UltraBold

    /GillSans-UltraBoldCondensed

    /GloucesterMT-ExtraCondensed

    /GoudyHandtooledBT-Regular

    /GoudyOldStyleBT-Bold

    /GoudyOldStyleBT-BoldItalic

    /GoudyOldStyleBT-Italic

    /GoudyOldStyleBT-Roman

    /GoudyOldStyleT-Bold

    /GoudyOldStyleT-Italic

    /GoudyOldStyleT-Regular

    /GoudyStout

    /Haettenschweiler

    /HarlowSolid

    /Harrington

    /HELTERSKELTER

    /HERMAN

    /HighTowerText-Italic

    /HighTowerText-Reg

    /Humanist521BT-Bold

    /Humanist521BT-BoldItalic

    /Humanist521BT-Italic

    /Humanist521BT-Roman

    /Impact

    /ImprintMT-Shadow

    /InformalRoman-Regular

    /ISABELLE

    /JavaneseText

    /JOAN

    /Jokerman-Regular

    /JuiceITC-Regular

    /JUSTICE

    /KabelITCbyBT-Book

    /KabelITCbyBT-Ultra

    /Kartika

    /KristenITC-Regular

    /KunstlerScript

    /Latha

    /LatinWide

    /LeelawadeeUI

    /LeelawadeeUI-Bold

    /LeelawadeeUI-Semilight

    /Lithograph-Bold

    /LithographLight

    /LucidaBright

    /LucidaBright-Demi

    /LucidaBright-DemiItalic

    /LucidaBright-Italic

    /LucidaCalligraphy-Italic

    /LucidaConsole

    /LucidaFax

    /LucidaFax-Demi

    /LucidaFax-DemiItalic

    /LucidaFax-Italic

    /LucidaHandwriting-Italic

    /LucidaSans

    /LucidaSans-Demi

    /LucidaSans-DemiItalic

    /LucidaSans-Italic

    /LucidaSans-Typewriter

    /LucidaSans-TypewriterBold

    /LucidaSans-TypewriterBoldOblique

    /LucidaSans-TypewriterOblique

    /LucidaSansUnicode

    /Magneto-Bold

    /MaiandraGD-Regular

    /MalgunGothic

    /MalgunGothicBold

    /MalgunGothicRegular

    /MalgunGothicSemilight

    /MalgunGothic-Semilight

    /MANDELA

    /Mangal-Regular

    /Marlett

    /Mathematica1

    /Mathematica1-Bold

    /Mathematica1Mono

    /Mathematica1Mono-Bold

    /Mathematica2

    /Mathematica2-Bold

    /Mathematica2Mono

    /Mathematica2Mono-Bold

    /Mathematica3

    /Mathematica3-Bold

    /Mathematica3Mono

    /Mathematica3Mono-Bold

    /Mathematica4

    /Mathematica4-Bold

    /Mathematica4Mono

    /Mathematica4Mono-Bold

    /Mathematica5

    /Mathematica5-Bold

    /Mathematica5Mono

    /Mathematica5Mono-Bold

    /Mathematica6

    /Mathematica6Bold

    /Mathematica6Mono

    /Mathematica6MonoBold

    /Mathematica7

    /Mathematica7Bold

    /Mathematica7Mono

    /Mathematica7MonoBold

    /MATTEROFFACT

    /MaturaMTScriptCapitals

    /Meiryo

    /Meiryo-Bold

    /Meiryo-BoldItalic

    /Meiryo-Italic

    /MeiryoUI

    /MeiryoUI-Bold

    /MeiryoUI-BoldItalic

    /MeiryoUI-Italic

    /MICRODOT

    /MicrosoftHimalaya

    /MicrosoftJhengHeiBold

    /MicrosoftJhengHeiLight

    /MicrosoftJhengHeiRegular

    /MicrosoftJhengHeiUIBold

    /MicrosoftJhengHeiUILight

    /MicrosoftJhengHeiUIRegular

    /MicrosoftNewTaiLue

    /MicrosoftNewTaiLue-Bold

    /MicrosoftPhagsPa

    /MicrosoftPhagsPa-Bold

    /MicrosoftSansSerif

    /MicrosoftTaiLe

    /MicrosoftTaiLe-Bold

    /MicrosoftYaHei

    /MicrosoftYaHei-Bold

    /MicrosoftYaHeiLight

    /MicrosoftYaHeiUI

    /MicrosoftYaHeiUI-Bold

    /MicrosoftYaHeiUILight

    /Microsoft-Yi-Baiti

    /MingLiU-ExtB

    /Ming-Lt-HKSCS-ExtB

    /Mistral

    /Modern-Regular

    /MongolianBaiti

    /MonotypeCorsiva

    /MS-Gothic

    /MS-Mincho

    /MSOutlook

    /MS-PGothic

    /MS-PMincho

    /MSReferenceSansSerif

    /MSReferenceSpecialty

    /MS-UIGothic

    /MT-Extra

    /MVBoli

    /MyanmarText

    /MyanmarText-Bold

    /NATURALBORN

    /NEOLITH

    /NiagaraEngraved-Reg

    /NiagaraSolid-Reg

    /NirmalaUI

    /NirmalaUI-Bold

    /NirmalaUI-Semilight

    /NSimSun

    /OCRAExtended

    /OldEnglishTextMT

    /Onyx

    /OPENCLASSIC

    /OzHandicraftBT-Roman

    /PalaceScriptMT

    /PalatinoLinotype-Bold

    /PalatinoLinotype-BoldItalic

    /PalatinoLinotype-Italic

    /PalatinoLinotype-Roman

    /Papyrus-Regular

    /Parchment-Regular

    /Perpetua

    /Perpetua-Bold

    /Perpetua-BoldItalic

    /Perpetua-Italic

    /PerpetuaTitlingMT-Bold

    /PerpetuaTitlingMT-Light

    /Playbill

    /PMingLiU

    /PMingLiU-ExtB

    /PoorRichard-Regular

    /PosterBodoniBT-Roman

    /PRETEXT

    /Pristina-Regular

    /PUPPYLIKE

    /Raavi

    /RADAGUND

    /RageItalic

    /Ravie

    /REALVIRTUE

    /Rockwell

    /Rockwell-Bold

    /Rockwell-BoldItalic

    /Rockwell-Condensed

    /Rockwell-CondensedBold

    /Rockwell-ExtraBold

    /Rockwell-Italic

    /ScriptMTBold

    /SegoeMDL2Assets

    /SegoePrint

    /SegoePrint-Bold

    /SegoeScript

    /SegoeScript-Bold

    /SegoeUI

    /SegoeUIBlack

    /SegoeUIBlack-Italic

    /SegoeUI-Bold

    /SegoeUI-BoldItalic

    /SegoeUIEmoji

    /SegoeUIHistoric

    /SegoeUI-Italic

    /SegoeUI-Light

    /SegoeUI-LightItalic

    /SegoeUI-Semibold

    /SegoeUI-SemiboldItalic

    /SegoeUI-Semilight

    /SegoeUI-SemilightItalic

    /SegoeUISymbol

    /SerifaBT-Bold

    /SerifaBT-Italic

    /SerifaBT-Roman

    /SerifaBT-Thin

    /SHELMAN

    /ShowcardGothic-Reg

    /Shruti

    /SimSun

    /SimSun-ExtB

    /SitkaBanner

    /SitkaBanner-Bold

    /SitkaBanner-BoldItalic

    /SitkaBanner-Italic

    /SitkaDisplay

    /SitkaDisplay-Bold

    /SitkaDisplay-BoldItalic

    /SitkaDisplay-Italic

    /SitkaHeading

    /SitkaHeading-Bold

    /SitkaHeading-BoldItalic

    /SitkaHeading-Italic

    /SitkaSmall

    /SitkaSmall-Bold

    /SitkaSmall-BoldItalic

    /SitkaSmall-Italic

    /SitkaSubheading

    /SitkaSubheading-Bold

    /SitkaSubheading-BoldItalic

    /SitkaSubheading-Italic

    /SitkaText

    /SitkaText-Bold

    /SitkaText-BoldItalic

    /SitkaText-Italic

    /SnapITC-Regular

    /SouvenirITCbyBT-DemiItalic

    /SouvenirITCbyBT-Light

    /SouvenirITCbyBT-LightItalic

    /Staccato222BT-Regular

    /Stencil

    /Swiss911BT-ExtraCompressed

    /Sylfaen

    /SymbolMT

    /Tahoma

    /Tahoma-Bold

    /TempusSansITC

    /TeXGyreTermes-Bold

    /TeXGyreTermes-BoldItalic

    /TeXGyreTermes-Italic

    /TeXGyreTermes-Regular

    /TimesNewRomanPS-BoldItalicMT

    /TimesNewRomanPS-BoldMT

    /TimesNewRomanPS-ItalicMT

    /TimesNewRomanPSMT

    /Trebuchet-BoldItalic

    /TrebuchetMS

    /TrebuchetMS-Bold

    /TrebuchetMS-Italic

    /TRENDY

    /Tunga-Regular

    /TwCenMT-Bold

    /TwCenMT-BoldItalic

    /TwCenMT-Condensed

    /TwCenMT-CondensedBold

    /TwCenMT-CondensedExtraBold

    /TwCenMT-Italic

    /TwCenMT-Regular

    /TypoUprightBT-Regular

    /Verdana

    /Verdana-Bold

    /Verdana-BoldItalic

    /Verdana-Italic

    /VinerHandITC

    /Vivaldii

    /VladimirScript

    /Vrinda

    /Webdings

    /Wingdings2

    /Wingdings3

    /Wingdings-Regular

    /WP-ArabicScriptSihafa

    /WP-ArabicSihafa

    /WP-BoxDrawing

    /WP-CyrillicA

    /WP-CyrillicB

    /WP-GreekCentury

    /WP-GreekCourier

    /WP-GreekHelve

    /WP-HebrewDavid

    /WP-IconicSymbolsA

    /WP-IconicSymbolsB

    /WP-Japanese

    /WP-MathA

    /WP-MathB

    /WP-MathExtendedA

    /WP-MathExtendedB

    /WP-MultinationalAHelve

    /WP-MultinationalARoman

    /WP-MultinationalBCourier

    /WP-MultinationalBHelve

    /WP-MultinationalBRoman

    /WP-MultinationalCourier

    /WP-Phonetic

    /WPTypographicSymbols

    /YuGothic-Bold

    /YuGothic-Light

    /YuGothic-Medium

    /YuGothic-Regular

    /YuGothicUI-Bold

    /YuGothicUI-Light

    /YuGothicUI-Regular

    /YuGothicUI-Semibold

    /YuGothicUI-Semilight

    /ZapfElliptical711BT-Bold

    /ZapfElliptical711BT-BoldItalic

    /ZapfElliptical711BT-Italic

    /ZapfElliptical711BT-Roman

    /ZurichBT-RomanExtended

    /ZWAdobeF

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.76

    /HSamples [2 1 1 2] /VSamples [2 1 1 2]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 15

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 15

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.76

    /HSamples [2 1 1 2] /VSamples [2 1 1 2]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 15

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 15

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile (None)

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName (http://www.color.org)

  /PDFXTrapped /False



  /CreateJDFFile false

  /SyntheticBoldness 1.000000

  /Description <<

    /ENG ()

    /ENU (Setup for JACoW - paper size, embed all fonts, compression, Acrobat 7 compatibility.)

  >>

>> setdistillerparams

<<

  /HWResolution [600 600]

  /PageSize [595.000 791.000]

>> setpagedevice



