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001

Cryogenicsfor the Future Accelerator Complex NICA at JINR

Agapov N., Batin V.", Emelianov N, Hisameev I.", Krakovsky B.”", Mitrofanova Y.”,
Nikiforov D. ', Popov O. , Trubnikov G. , Udut V. , Ziskin G.

* Joint Institutefor Nuclear Researcbubna Russia
JointSt ock Company ANI I TWKRABCHKSKEPRESSORDO
" JointSt ock Company i NmMGsco@RUssiaYy MAS HO

ABSTRACT

NICA (Nuclotronbased lon Collider fAcility), presently under construction at JINR [1], will umon its
completion in 2016, among the most advanced research instruments of the physics community. The facility
is aimed at providing collider experiments with heavy ions up to uranium (gold at the beginning stage) with a
centre of mass energy up to G&V/u and an average luminosity up to 1027Zsil. The NICA cryogenics

wi || be based on the modernized | iquid helium pl a
synchrotron known as the Nuclotron. The main goals of the modernizatorinareasing of the total
refrigerator capacity from 4000 W to 8000 W at 4.5 K, making a new distribution system of liquid helium,
and ensuring the shortest possible cool down time. These goals will be achieved by means of an additional
1000 I/hour heim | i quef i er and fAsatellited refrigerator:
describes the design choices of the NICA, demonstrates helium flow diagrams with major new components
and briefly informs of the liquid nitrogen system that willused for shield cooling at 77 K and at the first
stage of cooling down of three accelerator rings
tons.

1. INTRODUCTION

Since 1992, the largest Russian liquid helium plant for the superconductingratoezeNuclotron has been
operating at the Joint Institute for Nuclear Research in Dubna near Moscow. The concept of its cryogenic
system includes a large number of technical ideas and solutions never used before. The most significant of
these solutionsvere the following: fast cycling superconducting magnets, cooling by th@hase helium

flow, an unusually short period of time for cool down till the operating temperature, parallel connection of
about 150 cool i ng chann e panders, scretv hompressorg with ta pressue wiset €
of more than 25, and jet pumps for liquid helium. These technical solutions allowed one to construct an
efficient and reliableryogenicsystem.

The plans for further development of the basic installatiotiseadINR Laboratory of High Energy Physics

are to build new accelerators: Booster and Collider, both using magnets péttcanducting windings

cooled to liquid helium tempettiares. Thesetwo accelerators togethevith the existing Nuclotron will be

united into the NICA complex.

The newly created accelerator complex will require additional refrigeration capacity at 4.5 K and 80 K. For
the cryogenic system upgrading, we will use schmlum compressors with a new desigm additional

1000 I/hour heliuriquefier, and a distribution systemif cooling capacity based on the helidismat el | i t e
refrigerators. Besides, a new 80 K refrigerating system will be made on the basis of nitrogen turbo
COMpressors.

2. GENERAL VIEW OF NICA CRYOGENICS

A detailed descriptio of the existing Nuclotron cryogenic system can be seeB-4h. New installations,

which will appear while updating and building complex NICA, are shown in Figufénd. . main technical
characteristics of the NICA helium cryogenic system are listedlieTa

The cryogenic systems of the future accelerators (Booster and Collider) will consist of the central helium

' iguefier and fAsatellitedo refrigerators | ocated r
using the liquid heliumobtaned fr om t he centr al l'iquefier. I t me
refrigerators by using the minimum of the equipment. In this case this refrigerator, which consists only of
heat exchangers, is highly reliable. Less reliable elementgirggmore attention of the personnel will be

12
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located in one place on the central liquefier. It inecessary to stress that this system needs minimum of
cryogenic pipes but high thermodynamic efficiency is preserved.

Main installations of the existing ywgenic structure at the Nuclotrantwo helium refrigerators KGU
1600/4.5 of capacity 2 kW at 4.5 K were specifically designed by Joitt o ¢ k Company
GELI YMASHO for superconducting magnets of the JI
operating for more than 25 years. Using tleisperience, the company has designed and now is
manufacturingl000 I/h helium liquefier OA.000 (1),which represents the negeneration of th&kussian
largescale helium cryogenics. Its description will beegi below.

We have got similar positive operation experience with helium screw compressors designed and
manufactured by the Kazan Jelitt oc k Company ANI T TURBOKOMPRESSORO.
80/25 was purchased by JINR in 199this machine was madie a twostage version with the outlet
pressure of 2.5 MP&urrently, the Nuclotron cryogenic system uses two of these compressors with helium
flow rates of 5400 Nrith each. Torefrigeratenew NICA accelerators, we have ordered two additional
compressor nits modifiedto increase theutletpressure and capacity. This compressor modification named
Kaskadel110/30 will be discussed section 4 of the paper.

Collider

Figure 1.The general view of the cryogenic system for the NICA compidaw units for the NICA
accelerators:-11000 I/h helium liquefier O&.000; 2-1300 kg/h nitrogen liquefier OA,3; 3i draining and
oil-purification units; 4 satellite refrigerator of the collider;i5500 kg/h nitrogen reondenser RA,5 of

the collider; 6- 500 kg/h nitrgen recondenser RA,5of the booster7 1 satellite refrigerator of the

booster; 8 6600 Nni/h screw compressors Kaskatio/30; 9-liquid helium tank; 18 nitrogen turbo
COMpressors.

13
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Table 1.Basic parameters of the NICA helium cryogenics

Operating ¢émperature (K) 4.5
Refrigerating capacity at 4.5 K (W) 8000
Total capacity of compressors (Nm3/h) 31140
Total power of electric motors (kW) 7400
Flow rate of cooling water (¥h) 355
Cold mass (tons) 220
Time for cool down to operating temperatung ( 336
8 7 7 7
. o
X X
9 Ec-nl i Ec—nl 6
P> L - ] [ 1 L = |
6=p - 6=p
oL 5 1 I 3 pOgn
11 ] L ﬁ Fi 1
VA= P =
] L J <}
) (13 4 O
W | iz 3 PX|PX| PX
14 ;
5
NUCLOTRON 1 NUCLOTRON2
il
A
BOOSTER 1 BOOSTER 2
—
S
COLLIDER 1 COLLIDER 2

Figure2. Schematidlow diagram of the cryogenic helium system for the NICA complesatellite
refrigerator of the collider; Zatellite refrigerator of the boosterj Jiquid helium tank; 4 1000 I/h helium
liquefier OG1000; 51 liquid helium separators;i6KGU-1600/4,5 helium refrigerators;i7gasholders; 8

compressedhelium reservoirs; 945 Nni/h piston compressors 1VUV45/150; 10- 1200 Nn/h piston
compressors 305NP0/30; 11 draining and o#purification units; 126600Nm*h screw compressors
Kaskad110/30; 135400 Nni/h screw compressors Kask&@/25; 14i 100 nfintake reservoir.

14
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3. HELIUM LIQUIFIER OG -1000

In 2011, the helium liquefier OG000 was specially designed to meet the needs dliGé& complexby
JointStok Company @ NP O AGEedsdntXhisd Adndany is manufacturing hardwahe flow
diagram of the liquefier is shown in Figure 2 (point 4). herimodynamic cycleonsists of two gas
expansion turbines, a vat of liquid nitrogen, tvemd threflow heat exchanger s, and a
turbine. The liquefiers composed o$ix basic units(Figure 3) each enclosed in its own thermally itstad
vacuum jacket and connected to the others by mefthermally insulated tubingmipurities are reaved

from the helium at liquishitrogen temperatures in twswitchableunits 1 and 2 containing charcoal
adsorbersWhen one unit is opeliag, the other is being regenerated. This is done by heating with a hot gas
followed byvacuum pumpingBesides, the picte shows two nits 3 and 4consistingof two- and thre-

flow twisted heat exchangers, ampansion turbinenit 5, and a liquefaction unit 6 with leuid-helium
collector of aboufLl000 lin volume The expansion turbines are constructed followtheydesgn described

in [5]. Basic parametersf the liquefier OGL000 and technical characteristics of the turbo expanders are
listed in Table 2 and 3.

Figure3. Helium liquefier OG1000: 1, 2 purification units; 3, 4 heat exchangers units - expansion
turbineunit; 6 liquefaction unit

Table2. Basic parameters tifie liquefier OG100Q

Capacity (I/h) 1100N1
Liquid nitrogen consumption (kg/h) 0560
Energy consumption (kW) 1760

Compressed helium pressure (MPa) |2,5
Compressed helium flow rate (Nfh) 6600
Total mass (kg) 14000
External dimensiongml ml m) 5 Bl 10

15
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Table3. Technical characteristiad the expansion turbines

Parameters Turbine 1 Turbine 2 cwet é t
Mass flow rate (kg/sec) 0.2238 0.2226 0.1094
Inlet pressure (MPa) 2.29 1.16 2.21
Outlet pressure (MPa) 1.18 0.131 0.21

Inlet temperature (K) 54 22.3 7.98
Expectedsentropicefficiency 0.72 0.75 0.65
Output power (KW) 109 10.9 1.25
Speed (rpm) 130000 90000 145000
Impeller diameter (mm) 35 50 15

4. HELIUM COMPRESSORS OF NICA COMPLEX

The cryogenic system of thedICA will use compressors of various types and modifications. Technical
characteristics of thmachinesare liged in Table4d. Themain ones aréour oil-lubricated screveompressor
aggregateaskad80/25 and Kaskad10/30.For the stagdy-stage regulkion of the flow rate and storage
of compressed helium, smaHleapacity 305NR20/30and 2GM412/31 piston compessors are used. The
evacuated Heim is pumped into the reservoirs by smalfUV-45/150 piston compressorsperating at
higher outlet pressures.

At the present timetwo Kaskad80/25 hae been installed in the cryogenic system of the Nuclotron, and
there are plans to instativo new compressonsamedKaskad110/30by 2Q013. The total capacity of the
helium compressors, located in the Nuclotron machine roomingtalled power, and the flow rate of
cooling water are 1%0Nm¥h, 418 MW, and 200 rith, respectively. After new machines are put inte op
eration, these values will increase td0Nm¥h, 7.4 MW, and 355 rih.

Table4. Technical characteristiad the helium compressors in the NICA cryogenic system

Kaskad |Kaskad 305NR 2GM4- 1VUV-

80/25 110/30 20/30 12/31 45/150
Number 2 2 3 4 4
Type screw screw piston piston piston
Capacity (Nnvh) 5400 6600 1200 840 45
Outlet pressure (MPa) 2,5 3.0 3.0 3.1 15
Total power of electric motors (kW) | 1430 1600 200 160 22
Voltage (V) 6000 6000 380 380 380
Number of compression stages 2 2 3 3 3
Speed (rpm) 2970 2970 500 710 620
Flow rate of cooling watem’/h 60 78 15 7.2 1.5

The KaskaeB0/25 consists dhreebasic units: the first stage, the second stagdthe oilcooling unit[4].
Thefirst stage contains two compressors operating in parallel, driven by a single electric motor of power
0.63 MW with a voltage of 6 kVThe second stage consists of a sirggfleew compressor. All ggegates
have a single oil sepatar and an oil system common to t@mpressors of the first and secateges

In comparison withKaskad80/25 the first stepof the new machineHgure 4)includes two compressors;
each ofthemis placed on a separate frame and driven by its own robdfpower 0.4 MW.The oil coolers

for each compressare locatedlirectly on the compressor unitThis solutiontogether with usinghe slide
valves allowsone toadjust the compressoapacityfrom 100 to 20% of the nominal value.

The primary oil separation consists of a horizontallyaited cylindrical vessel which also serves as the oil
reservoir. The next stage is composed of a verticaepiarator and internal oil coalescing filter cartridges in
parallel.The final oil separation is composed of three filters and one oil adsami@iring active charcoal.

5.  LIQUID NITROGEN SYSTEM

The system of liquiditrogenwill be used for shield cooling at 77 K and at the first stage of cooling down of
the accelerator ringdAs it is shown in Figure 1this systemconsists ofone nitrogen liqudéier (2) with
capacity of 1300 kg/h, two 500 kg/h nitrogencandensers (5 and 6), and turbo compressors TH®).
liquefier and re-condenserdhave identical hermodynamic cyck based on two gaexpansion turbines,
where thecompressed gas exparsiepby-stepfrom the pressure of 1.8 to 0.12 MPa.
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Figure4. The general view of the heliustrewcompressor aggregataskad110/30: 1 two primary screw
compressors; R screw compressor of the second stagepBpump; 4 oil reservoir; 5 preliminay oil
purification unit of the second stage;i freliminary oil purification unit of the first stagej Gtartup oil
pump of the primary screw compressor$; @l separator; 9 oil cooler of the second stage; 1vo olil

coolers of the first stagé 11 fine purification oil filters.
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ABSTRACT

The cryogenic permanent magnet undul@@®MU) is an insertion device in whidhe permanet magnets

are cooled down taryogenic temperatusd¢o improve the magnetic performance in terms of the remanent
field and coercivity As it was foundrecently,the peak fieldand coercivity of permanent magnet materials
like NdFeB are increasg as the temperatutis decreased and reachadnaximum ataround 13K. This
temperature is not directly attainable by boiling of standard cryogenic fluids like liquid nitrogen (77 K) or
liquid helium (4.2 K). We present a practical and reliable coofirethod based on the thermal shunt
principle with either liquid nitrogen or a cryocooler as a cold source. Design criteria, cryogenic analysis and
the layout of a CPMU based on this principle are presente@wACPMUwith a magnetic period of 1#m

and a magneticlength of 1.7 m, has been manufactueedl is presently installed and in operatiorthe
Swiss Light Sourc€SLS) as part of &ollaboration between PSI (Paul Scherrer Institute), SRiagd
Hitachi Metals, Ltd.

1. INTRODUCTION

In recent years, pmanent magnet (PM), sheperiod undulators became more and more used in synchrotron
radiation facilities Shortperiod PM undulators increase the number of periods per unit length and generate
therefore a brighter synchrotron radiation. Moreover, th@blenthe emission of high energy photons and
allow the operation of an-pay beam line in a medium size synchrotron like SLS [1]. A short period
undulator is also useful for SASEEL facilities since it lowers the electron beam energy necessary for the
FEL operation and makes it compact and economicalfihe Synchrotron Light Source (SLS) facility in
Villigen we have designed and built a CPMU called U14 based on NdBFe, 50BH PMs. The length of the
undulator is 1.7 m. Each array contains 120 magnets teun metallic keepers fixed by screws on the
magnet support calleddeam. The-beam is made of massive, good thermal conducting material aluminium
alloy) having, besides the function of a mechanical support, also the function to flatten the temperature
gradients along the undulator length. Hollow, thialled stainlessteel shafts (supports) hold thbdams in
position inside the vacuum chamber of the synchrotron and permit creating a variable gap between the two
magnet arrays. The shafts are thermallators and are anchored mechanically and thermally on external,

Iron beam I
" B

Shaft with thermal

isolator Ciyocooler W H rHcatcr

Magnet beam
= § =1 § = Flexible thermal conductor

Refrigerant channel L{ LI

il
XL

(a) (b)

Electron beam Metal sheet

Permanent magnets

Vacuum chamber

Figurel. Two design examples of CPMU, a) with L 8boling channels and b) witt
cryocoolers.
roomtemperature movable irdmeams which are part of the machine frame. The electron bgad8(ImA)
18
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is placed symmetrical in the undulator gap. It produces image currents in the magoktgenerate a large

heat load. In order to protect the magnets from this heat, the magnets are covered with a thin copper foll,
nickelplated on one side. The B magnetic Ni sheet will be attracted by the magnets holding the foil in
thermal contact to the magnets. The heat dissipated cofiger foil by the image currents of the electron
beam is strongly reduced from 80 W/m t8 SV/m.

2. COOLING METHODS

In order to optimize its magnetic properties, the CPMU must be cooled down to a temperature in the range
130140 K at which remanent field and coercivity is maximized [3]. There are two cooling methods which
can be considered for CPMUs in this temperature raigged Nitrogen (LN, or a cryocooler. For LN

cooling, the CPMU is provided with cooling channels (pipes) where the refrigerant is circulated by means of
a circulating pump. Because the cooling channel is at a temperature around 80 K and the desiraditem

of the magnet array is 13010 K, thermal shunts in form of thin metal foil are attached to the cooling pipes
and the magnet supportlfeam). Temperature is regulated with an electrical heater mounted ebeten |

The thermal resistivity of #se shunts, the number of shunts and their distribution alongbigsa will

decide the operating temperature and the temperature uniformity. In case of cryocooler cooling, the CPMU is
provided with a metal plate of good thermal conducting material (cppp¢ghe same length as thdédam,

placed parallel near thebeam. The cryocooler cold head is attached mechanically and thermally to this
temperature distribution plate. Between the plate and-tieam, a number of thermal shunts, similar to
those usé in case of LN cooling, are placed at position such to minimize the temperature gradient along the
I-beam. A heater distributed over the length of thedm allows the temperature regulation. Each cooling
method has qualities and drawbacks. LN2 cootiagds additional sracuum piping. The cryocooler needs

a heavy thermal plate and produces vibrations. The acquisition and operational costs are also important. Only
a detailed analysis can help in taking the decision for one or the other cooling method.

2.1. Cooling with sub-cooled LN,

For our CPMU we chose cooling with LNecause our facility has already an installed, digtribution.

With LN, cooling there are in principle two possibilities: 1) to cool directly withh BNnormal pressure and

2) to cool uang subcooled LN at a pressure higher then the normal pressure. The first case is a typical two

L ’ T T 4 L T v ] T Q =10
8} 4
- LIQUID 1
7t ] Te1 = 8362 K]
max. temperature range o .
B+ . A V =500 [L/hr]
-g L §W. 1 =0.1121 [kg/s]
o St T Vo =29.82 [L/hr]
QL o = 0.006686 [kg/ P2=2[par] @ P1=2[bar
s 4+ T o ko] T,=83[K] Ty =77.24 K]
&
o 3F . l
E J Po =1 [bar]
2+ 4
T ] @J\/;
0k Normal Boiling Point (1bar, 77K)
R i | LN2 T =77.24[K]

L A " | I
70 75 80 85 90 95 100
Temperature [K]

Figure 2. Phase diagram of k,Nhe saturation curve and the operation line for cooling witkceoted LN
at 6 bar. An example calculation for coolinghlwsubcooled LBat 6bar is shown in the right panel.

phase flow cooling with large fluctuations in temperature and pressure inside the cooling channels.
Therefore, although the cooling circuit becomes a little bit more complicated, we choose to walbwith
cooled LN. The cooling principle is illustrated in Fig.2 for a pressure of 6 bar. The boiling point,aSLN

77 K at 1 bar. At 6 bar, LNwould boil at ~95 K. We can codlown equilibrium LN at 6 bar in a heat
exchanger in a separate 1 bhath boiling at normal pressure (1bar). We then obtain liquid at a pressure of 6
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Figure 3. Design of the thermal shunt (a) and detailed view of cooling pipes, thermal shunts position, tapers
and radiation shield.

bar but at a temperature very close to 77 KisThthe sukcooled LN. This subcooled liquid can now be
warmedup 9577=18 K above its initial temperature or allows a pressure drop of several bars before it starts

to vaporize. At a lower operating pressure the temperature margin is lower, assesn beom Fig.2. We

chose to work at a pressure of 2 to 3 bars. In order to keep the magnets at a higher temperdd®@ek(130

we use a humber of thermal shunts{® I 20) as shown in Fig.3 clamped e
tubes. The thicknessf the flex foil is between 0.5 mm and 1.25 mm, depending on the desired minimum
temperature without heating. The temperature is regulated with a heater mounted aldreathdength.

3. UNDULATOR HEAT LOADS

The undulator heat loads are typical for a gemic environment: conduction, thermal radiation and residual

gas to which one should add the heat generated by the beam in the Cu/Ni magndtsl @methe heat
produced by the temperature control heaters mounted orbtaaris. Due to the good inatibn vacuum in

the beam line the residual gas conduction can be negletted heat by conduction between room
temperature and undulator temperaturem temperature), Q takes place inthe N 21 12=24 t hi
walled, hollow tube stainlessteel shaftsqupports)) on which the twehleams are hanging/laying. These

must have enough mechanical stability but conduct a minimum of heat into the system. On both ends of the
undulator it is provides with tapers for a smooth transition from the aperture of timeecheanel to the
undulator aperture (variable gap). These tapers bridge a temperature difference from room temperature to the
undulator operating temperature and conducts hegt@hto the system. The heat by conduction in the
supports is calculated thithe standard relation

To_ Tz
L

Sup

Qu, = Nk A 1)
where: N is the number of columnsgdthe thermal conductivity of the stainlesteel columns, A-the
crosssection area of one columng The cryostat wall temperature (293 K) andi The Fbeam temperature.

A similar relation is used for calculating the heat load from the tapgsss @Finally, the thin Cu/Ni foil
protecting the Wis from the eddy current produces by theeam travelling through the undulator generates
the heat @.nwhich must be included in the thermal balance. This can be calculated with the relation

o 2al 6(34) mr
Qbeam—Mh% W«f 5 (2

where: j=400 mA is the beam current, M=16 is the number of bunches in the bgsfl,ps, G=6 mm is
the undulator gapy,=500 MHz the synchrotron frequency. For a staseel foil ¢ = 8 L'2MM) the load
would be 50 W/m and for a copper fail5( 2 L23) is only 7.5 W/m showing the importance of material
choice. The thermal radiation has two components: the figgt €@ from the room temperature parts to the
80 K dhield (see Fig.3), the second ong,y® from the cold parts of the undulator at around-130 K to
the 80 K shield. The corresponding equations are
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Qshield :,S‘AFE,(T; '1;4)

Qrad.el :S'Aall:e(-l—z4 -Tl4) (3)
i:i 1- ez Uglrd
Fe el ? Uvac

withs= 5 . 6 %W/m“, the StefarBoltzman constang, ande, the emissivities of thelbeam and shield
material (Al and Cu) and 4 and U.cthe perimeter of thelbeam and shield. Finally, there is a thermal load
coming from heaters placed in contaéthwboth Fbeams, Q. On each-beam there are three heaters: left,
middle and right. With the help of these heaters we can set the desired operation temperature, control the
stability and adjust the temperature gradients along the undulator length.

4. THERMAL BALANCE

Due to the symmetry of the undulator one can model the thermal balance only for one half of it ke. one |
beam. When the total heat load on the, bisith is calculated this value is taken twice. We adopt a three node
model with the followingtemperatures: ¢fi the ambient temperature (293 K), ilthe cooling temperature
(also the shield temperatrure) angtfie temperature of thebeam and magnets. The basic equations of the
thermal balance for onebleam are

qup+Qbeam +Qcmrl Qlapers Qflex Qr‘!\’dt
Qflex + Qshie\d :rncp( Toul :rn)
where Qex is the heat flux in the thermal shunts, &and T, the inlet and outlet temperatures of the

subcooled LM m ithe mass flow of evaporated LMnd G, the specific heat of the subcooled 4 N
function of pressure and temperature. The thermal balance for theoblihg loop is

cho = 2(Qﬂex -'Qshleld) Qtransf m (5)

where the factor 2 accounts for a complete undulatofb@aims) and Q. is the heat load on the transfer
lines to and from the LiNsubcoolespump unit. This load is splitted in two halvese half affecting the inlet
line, the other one the outlet line. The temperatures at the inlet and outlet from undglatat T,,; are
calculated using the equations

(4)

hln (-En’ p) = rlat +Q“Tﬂ
2rnsub

2O Q) (6)

sub

Qtransf

huack(Tback’ p) = houl( T’ F) +2_
msub

h, (Tow P) = 0, (T, B

where Ry is the enthalpy of saturated LMnd m,, the mass flow of subcooled LNt the exit from the
subcooler unit. The average temperature(Tin+Tou)/2 is used to calculate all materiabperties. It is also
the temperature of the shield and the clamped temperature of the thermal shuissthe temperature of
subcooled LN at the return point of the subcooelaump unit. The heat flux in the thermal shunts can be
calculated with théormula

. (Tz - T1)
=N
Qﬂex s Rﬂex
L L e § (7)
i - hdin 2kpipe g din 24_ LTIex

ko A

Rflex p Lcomacl Cu” “flex
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Figure 4. The EEE diagram window witte results of the
thermal calculation.

where Re is the equivalent thermal resistance of the thermal shunt, taking into account thechaage
between LN and cooling pipe, the heat conduction in the wall of the cooling pipe and finally the heat
conduction in the flex band of lengthel.and crosssection area f,. The heat exchange coefficient h for

subcooled LNis calculate with th®ittus- Boelter correlationNu= hk,/ d, =0.023Ré&° Pt'where kyis

the thermal conductivity of subcooled LBnd ¢, the inner diameter of the cooling pipe of outer diameter
Opipe Lcontact IS the length of the contact clamp of the thermal shunt withctioding pipe. An alternative
procedure is to calculate the equivalent thermal resistance of the shunt with the help of a 3D finite element
calculation. In both cases we ignored the thermal resistance at the contact between the surfaces.

This complex systm of equation can be solved, if it is feed with appropriate material properties and design
parameters. We chose to set the temperature of the magndts a fixed value and find out the
corresponding power of the control heater. Alternatively, in orderfind the minimum attainable
temperature we can set the power of the control heater to zero and find the temper&ach Talculation

gives out other important parameter like mass flow of, lENaporated in the LNsubcooler, shield
temperature 7 inlet and outlet temperature of LNrom subcooler etc. The calculations have been
performed with EEE [4]. An EEE script file with a graphical interface was prepared and a typical output is
shown in Fig.4.

5. RESULTS

A summary of the calculated operating coiutis is presented in Table 1. The following assumptions have
been made: operating pressurg,=P bar, total volumetric flow of subcooled LNV¢=500 L/hr, loss in
transfer lines, @ns=80 W, the cooling circuit pipe is stainlesteel, tbeam is madef aluminium alloy and

the thermal shunts are made of copper.

Table 1. Summary of undulator operating conditions. Minimum temperature and other two typical operating
temperatures: 132 and 142 K for two different thermal shunts.

Shunt Minimum LN, Operating Heater Power| Total LN,
thickness/thermal temperature | consumption | temperature Qentr consumption
resistance T min for Tmin Top at Top
[mm]/[K/W] K] [Liter/hr] K] [W] [Liter/hr]
0.8/9.91 121.8 6.073 132 24.93 6.991

142 49.30 7.888
0.7/11 125.6 5997 132 14.21 6.511
142 36.62 7.319
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6. COOLING CIRCUIT

The cooling circuit comprises a LN2 subcooler unit, a distribution manifold with valves and transfer lines.
The subcooler unit is used to cool in parallel an optical monochromator. The most thartrahsfer lines

are flexible vacuum supénsulated lines with a loss of around 1 W/m. The rigid lines, have a loss of 0.45
W/m. For couplings we estimated the loss to be around 3W/coupler. The total load on the distribution system
was estimated at 8%. The schematic of the subcooler unit is shown in Fig.5.
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Figure 5. Left: Schematic of the subcooler unit used to prepare and circulate subcagdletheMold
undulator. Right: distribution manifold of undulator U14 and monochtorat the user bealime OPTIS.

Warmer subcooled liquid coming from undulator enters the subcooler unit at point,Alolad over the
nonreturn valve C16 and enters in two volumes. One is provided with a centrifugal pump 18, the second one
contains a &ater 14, a level indicator LC1 and a pressure controller PIC3. After being compressed in the
pump 18, LN is cooleddown in a subcooler heat exchanger in a thirg bith at normal pressure. The
temperature of LNat the exit point B is around 77 K. Withe help of the pressure regulator PIC3 the
operating pressure of the subcooler and therefore the available temperature margin for the operation of the
undulator can be set up. The subcooler unit is provided with valves for automatic refilling, valves for
vent/overflow and a pressure relief valve.

7. CONCLUSIONS

Although very challenging,he design of the cold permanent magnet undulator could be managed with
simple methods. The CPMU is now in operation over an almost 2 year period without problems. The
tempeature is very stable and the LN2 consumption is moderate, ~10 L/hr. The cooling was stopped once in
December 2011 and then restarted end of January. According to our experience, the CPMU are as reliable as
the room temperature permanent magnet undulatithsie benefit of ~30% gain in performance.
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ABSTRACT

We present the cooling scherné the superconducting SIS100 accelerator, which follows the Nuclotron
design. This Nuclotron concept is kdson forced two phase helium flow where the cooling channels of the
individual magnets are connectigdparallelto the helium supply lines. The cooling principle is described
for both a single magnet and the magnet string and the analysis of the pgstaneters is given. It is
shown, that foall requested operation modesuniform cooling of all magnets can be assured and will be
stable. This stability will bachieved despite the fact tliae SIS100 magnet size and losses are significantly
larger han those of the Nuclotron magnets.

1. INTRODUCTION

The Facility of Proton and lon Research (FAIR) will construct as a set of accelerators and storage rings at
GSI. The aim of the project is to provide high intensity primary and secondary beams of ionspantbag

for experiments in nuclear, atomic and plasma phy3ites.SIS100 synchrotron with rigidity of 100 Tm will
accelerate ions and protons at a high repetition rate at about 1 Hz which requiresmpest
superconducting magnets with high dynamiatheleaseThe starting point for the design of the magnets

and of the cooling system for the SIS100 was the Nuclotron synchrotron at JINR in Dubna, which was
constructed on the basis of the fagtling supeiferric magnets [1] and is successfully in og@®n since

1993 [2].

The accelerator will be used in different super cycles [3]. Each-syphkr consists of several pulses with
different amplitude and repetition frequency of the magnetic field. While the ramp rate and the magnetic
field at injectionare fixed at 4T/s and0.23T, respectively, the extraction field varies in the range from 0.5 T

to 1.9 T. The repetition frequency varies from few tenths of hertz up to 1 Hz, depending on the maximal field
and on the injection and extraction time. Themgety of different operation modes cause a wide range of
dynamic heat load generated in the SIS100 magnets [4, 5]. The measured power losses in the dipole magnets
varies from 7 W static losses up to 70 W in the continuous triangular cycle with stemtioimj and
extraction at maximal field of 1.9 T. The winding of the magnets is made from hollow superconducting cable
of the Nuclotron type cooled by twmhase helium flow. The hydraulic and thermal calculationssfg}w

that only the cooling by twphasehelium allows to keep the maximum temperature in the coil
constant over a wide range of the heat load. Thus for the SIS100 synchrotron the cooling scheme
based on the Nuclotron concept was selected.

2. THE CONCEPT OF THE SIS100 MAGNET COOLING

The superferriaipoles Figure2) and quadrupoles for the SIS100 synchrotron consists of an iron yoke and
a superconducting coil made from the inneoled superconducting cable. The cooling scheme of SIS100
magnets is shown ondhFigure 2. All magnets are connected in parallel to the common supply and return
headers. The helium from the supply header passes the magnet bus bars and the coil -Bothis e

cooler attached to the supply heade(® ) , t h3%ang godsethe(re2urn header. Since the hydraulic
resistances of the 4@oler and of the cooling channels in the yoke are low in comparison to the hydraulic
resistance of the coil and of the bus bars, the pressure drop in the yoke can be neglected. One ¢hatassume
the pressure in the point 2 is equal to the pressure in the return header. The heat generated in the
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Figure 2 The structure of the Nuclotron cable and K100 dipole magnetl T cooling tube, 2i
superconducting wire, 3Nicrome wire, 4i Kapton tape, 5 adhesive Kapton tape,iémagnet joke, 1
superconducting coil, 8 bus bars, 9 helium supply and return headers, ILGupport structure, 11
radiation shield, 12 vacuum vessel.

yoke is about 70% of the total wer losses in the magnet. The helium in the supply header is aghage

liquid, subcooled by 0.10.2 K. In the magnet coil the liquid warms up until the saturation line is reached.
Starting from this point the temperature of tploase helium drops due the pressure drop in the coil. The
minimal temperature on the coil output is aboutk.8nd depends on the pressure in the return header.
Afterwards the twephase helium passes aa@oler attached to the supply header (Poir2ss® on t he Fi
right). The aim of the reooler is to keep thkelium in the liquid state over the whole SIS100 sector and to
avoid ingress of thhelium vapour on the coil input. That way assures a reliable magnet cooling despite a big
number of the parallel channels. Theplags valve on the end of the magnet string (Fig. 2, right) allows to
control the flow rate on the end of a sector and to keep it above a certain limit, needed for the sufficient heat
transfer in the last reoolers. The SIS100 ring is divided into six sestwith about 50 parallel cooling
channels in each sector [7].

This method of cooling requires an adjustment of the hydraulic resistances for all cooling channels. Dipole
magnets with a total length of coil and bus bars of about 108 m define the uppesflthe hydraulic
resistance. Twadlifferent scenarios for operation of dipole magraets shown on the-% diagrams (Fig. 3).

The inner diameter of the cooling tube for all dipoles and quadrupoles is 4.7 mm. This value is optimized for
a heat release itme dipole magnet of about 40 W, which corresponds to an operating cycle with a maximal
field of 1.9 T, short extraction and an injection plateau of about 0.8 s. For the paiffsoeace between the
helium headers of 0.5 b#re mass flow through thepible magnet will be 2.4 g/s and the vapour quality on

the yoke output about 0.9 (Fig. 3, left). For the most intensive triangular cycle wijth B9 T the expected

total heat release is about VW0 With the same pressudéference between the heliunedders of 0.5 bahe

mass flow rate will drop to 2.1 g/s and the helium temperature at the yoke output will raise up to 6.4 K (Fig.
3, right), which is still sufficient for the reliable operation. The calculated operating parameters were
experimentally vefied on the two layer dipole prototypes [8]. First tests of the single layer dipole are
expected in the beginning of 2013.

1 . 1 7 o
L L - g
g 2 e
Ze _ A 3 d

Figure 3 Cooling scheme of a single magnet (left) and of the SIS100 sector ¢ightpil input,2 1 coil
0 ut p wuré-cpoleRoditput, 3 yoke output
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25



The 12" CRYOGENICS 2012 Dresden, Germany

a3 Sy '3
62 h
52 J
60 !
Y
58
50
2 _ 88
=9 X
5 3 53
2as a
/ \ By
g arx ) j,
, \ 2 an /
=46 A \ [ y
14 :
a4 \ o F
2 3\ 1
43 ) e ae ; 2

Ertropy Hig K] Entropy Hig K]

Figure4 TS diagrars for the heat release in the dipole of 40 W (left) and 70 W (right)

Besides the 18 dipole magnets each SIS100 sector will contain 28 gaudrupoledenseed in doublets.

The length of one quadrupole coil with bus bars is 61 m; therefore the hydraulic resistance of the gadrupoles
will be considerably smaller. Also the heat release in the quadrupoles is approximately two times smaller
than in the dipas. To assure a uniform distribution of the helium flow the adjustment of the hydraulic
resistances of all parallel channels is required. This adjustment will be performed by combining of the
quadrupole units with corrector magnets in sefisand by intoduction of additional impedances (flow
restrictors) in the cooling circuits.

3. CONCLUSIONS

The cooling scheme of the SIS100 synchrotron is based on the Nuclotron concept. Because of the bigger
number of the superconducting magnets in the SIS100 ringastdiwvided into six independently cooled
sectors instead of two sectors in the Nuclotron ring. That allows to reduce the number of parallel channels in
one SIS100 sector by the factor of two in comparison to the Nuclotron sector. The reliability ofatted par
cooling will be achieved by the adjustment of the hydraulic resistance for each channel, by usage of sub
cooled helium in the supply header and by the controlling of the helium flow in the last magnets in the sector
by a bypass valve.
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ABSTRACT

The cryogenic transfer line for XFEL/AMTF is dedicated for transferring cryogenicngpplower from

helium refrigerators to a cryogenic test facility by means of the constant flows of supercritical and cold
gaseous helium. The external envelope of this cryoline contains 4 cold process lines and a common radiation
shield, as well as the sgsh of supports and thermal contraction compensators. The line was designed and
manufactured by Wroclaw University of Technology and KrioSystem Ltd, respectively, within the scope of
Polish inkind contribution to the XFEL project. Besides the minimisatbheat loads to transferred helium

the design phase included the numerical analysis of the stresses and deformations on both the process lines
and external envelope for a number of operational and failure modes. The paper describes the design of the
cryogenic transfer line as well as the main phases of the manufacturing and assembly of its linear and elbow
modules.

1. INTRODUCTION

European Xray Free Electron Laser (XFEL) being under construction at DESY in Hamburg, Germany, will
be composed of about 100 ogenic modules, each holding eight superconducting cavities and one
superconducting magnets assembly. Before their installation in the XFEL underground tunnel the cavities
and cryogenic modules will be tested at their nominal operation conditions in ditzatdd Accelerator
Module Test Facility (AMTF). The cryogenic system of that facility will be supplied with cryogenic cooling
capacity from helium refrigerators located of about dbflom the AMTF hall. The cooling capacity, that is
specified as the suwf 3kW at 40K, 0.5kW at 4.5K and 0.8kW at 2.0K, will be provided by means of

two cold helium continuous streams: pressurised gaseous heliunKaartD supercritical helium at 4t&

For that reason the AMTF hall will be connected with the heliumgesfators by multichannel cryogenic
transfer line XATL1. The line will be located on a pipeline bridge, approximately 8 m in height, and will be
exposed to weather conditions.

2.  XATL1 PROJECT MANAGEMENT AND QUALITY ASSURANCE

The XATL1 project has been imptented by Wroclaw Technology Park (WTP) under Poliskind
contribution to the European XFEL project. The requirements on the transfer line were provided to Polish
party in the comprehensive specification prepared by DESY. The line was designed byw\ioslarsity

of Technology WUT according to the developed methodology presented in [1]. Then the design
documentation of the line was provided to its final manufacturer, KrioSystemThtl . XATL1 project
includes following phases:

1) Conceptual design (WUT),

2) Manufacturing design and technical documentation preparation (WUT),

3) Examination and acceptance of the technical documentation (DESY and notified body)
4) Procurement of materials (WTP),

5) Manufacturing of elements, components and subassemblies (WTP and sadioos)t

6) Assembly of the transfer line modules at assembly site (WTP and subcontractors)

7) Transportation of the modules to the construction site (WTP and subcontractors),
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8) Module installation on the pipeline bridge at DESY (WTP and subcontractors),
9) Commissoning (WTP, WUT and DESY).

Since the specified high quality assurance requirements, both the design and manufacturing of the transfer
line were performed according to the AD2000 code and the procedure described by Module G of the
European Pressure Eqmpnt Directive 97/23/EC. This module imposes, among other things, the necessity

of applying a notified body for the verification of technical documentation, assessment of materials, approval
of the welding procedures, as well as the verification of thé qud i cati ons of manuf act
the notified body approves the final pressure test and carries out the final inspection of all the pressure
comprised in the vacuum jacket of the cryogenic transfer line, i.e. its internal process lines.

3. INTERNAL STRUCTURE OF THE CRYOGENIC TRANSFER LINE

The taken arrangement of process lines in the XATL1 cross section is presented in Figure 1. The cryoline
consist of four process lines, which constitute two cryogenic circuits &t drfel 40/8K.

Thermal shield return line
(SS1.4306A4 8. 31 2)

Thermal shield supply line

SHe supply lin (SS1.4306A4 8 . 31

(SS1.4306A8 8 .

GHe return line
(SS1.4306A8 8. 91 2

Radiation shiel
(AW6060,A3 00T ¢

Figure 1. Cross section of the cryogenic transfer line XATL1

The 4.5K circuit is composed of the SHe supply and GHe return lines, whilst the lines of thermal shield
return and supply form the 40/8circuit. The thermal shield return line is cowoted with the radiation
shield, thermalized at an average temperature of abdkit B@ a number of thermal bridges and it is used
for gathering the radiation heat flux from the vacuum jacket, which temperature can vary frddn 260
to 310K due to externalvhether conditions.

4. ROUTING AND MODULARIZATION OF THE CRYOGENIC TRANSFER LINE

The routing of the cryogenic transfer line XATL1 is shown in Figure 2. The line runs from the Valve Box
located at the helium refrigeration hall to the Subcooler Box locatédeinbe AMTF hall. The line is
located on the piping bridge B above the ground level in order to do not collide with existing
infrastructures (access roads, transforming station, cooling towers, and overhead crane in the AMTF hall).

tmig_ E90-1
4 E90-3
to Valve Box at Helium ) e E90-2 \
Refrigerator Hall Y0 gt
& - V™ Compensator II to Subcooler Box
SN in AMTF hall

LM5 goeeer — J— oo

Figure 2. Routingf the XATL1 line with marked locations of the linear and elbow modules
The cryoline XATL1 has two long straight sections connected by alé$@lbow and it is ended with three
short sections, two vertical and one horizontal, which include three@®@@bows. Its total length is equal to
167 m and exceeds the direct distance between the Valve Box and Subcooler Box b1
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The modularization of the cryogenic transfer line was done in respect to the necessity of -thistéoug
transportation tohte XFEL/AMTF site and the facilitation of the final installation on the pipeline bridge as
well. It took also into account some aspects of the minimisation of heat loads due to conduction through
additional supporting structures. The size of each modulél gt exceed the dimensions of a standard
lorry trailer. Thus the maximum length and width of the modules were specified msab8 2.5m,
respectively. Finally, the whole line was divided into 11 linear modules-LM11, and four elbow
modules (E150, €01, E9G2 and E9EB). The proposed modularization resulted in 16 interconnections,
which were designed as sleeslgaped and dedicated to hold the elements of thermal compensation system.

5. DESIGN OF SUPPORTING AND THERMAL COMPENSATION SYSTEMS

The supportig and thermal compensation system of the external envelope is schematically presented in
Figure 3a. Its supporting system consist of two fixed supports (VLA) which block all the possible
movements (vertical, lateral and axial) in respect to the pipirdpérias well as it includes 21 sliding
supports allowing for axial movements only (VL) and 2 sliding supports blocking the line movements only
in vertical directions (V). The thermal expansion or shrinkage of the envelope is compensated by two axial
and ore lateral compensators. Both long straight sections are equipped with axial compensators as shown in
Figures 2 and 3a, whilst the lateral compensator was built in the last interconnection, between me8ule E90
and the Subcooler Box.

The external envelopeill apply on the bridge not only its own pressure, thermal and weight loads but also
the loads transferred from internal process lines. The supporting and thermal compensation system of each
process line is shown in Figure 3b. It includes a set of oerd filxA), four sliding supports (L) and one axial
compensator (CA) per each linear module. The other modules have different supporting structure. Each
process line in module E150 includes, apart from two sliding supports (L) and one axial compensator (CA),
two fixed supports (LA) separated by a flexible hose (H). The section composed of three E90 modules
contains two fixed supports (LA), two sliding support (L) and one metallic flexible hose.

Valve| VA

| &
-
Box L

[l LA L LA LA(strong)

y CL

Subcooler ‘

Supports:
A - axial

H CA CA

L - lateral
V - vertical
Compensators:
CA - axial process line in linear module LA(strong)
CL - lateral OCO0O—0C—0O0—"~0—=e H

A CA L L L L LA
H - flexible hose

Figure 3. The schematic layout of the suppoid compensation system
of external vacuum envelope (a) and process lines (b)

The proposed layout of supports and compensators was used as an input data to numerical thermo
mechanical analysis which allowed for checking the mechanical stability ofriheskposed to all the
possible operation conditions and failure modes. The analysis was also useful for the specification of the
parameters of the crucial elements of supporting and thermal compensation siatens.exposure to
outdoor whether conditiothe line as well as thgipeline bridge can shrink or elongate independently and
strongly interact mechanically between themselves. Therefore the design of the line was strongly affected by
the thermal performance of the pipeline bridge.
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6. THERMO -MECHANICAL STRENGHT ANALYSIS

Stresses and displacements in the XATL1 process lines and vacuum jacket were checked numerically for
various load cases. For that purpose a detailed numerical model of whole transfer line was developed and
calculated with the use of kia Element Method. The calculations were carried out for most dangerous load
cases taking into account the thernpaéssure and weight loads acting on the XATL1. The deedlopodel
assumes that the pipeliteidge structure is much stiffer than the sfam line and the ambient operatibna
temperature can vary from 280to 310K. It takes also into account the thermal expansion of the bridge
resulting from the ambient temperature variations. Additionally, because there is a safety exhaust on every
moduk interconnection, which will open in case of helium leakage, the internal pressure in whole vacuum
jacket during any failure modes increaseghe 1,%ara, whilst only two subsequent modules are cooled
down by discharging cold helium. The themmechantal strength analysis was daa out fordesign

and pressure tesbnditions as well as for three failure modes. The first madeliom leak ) analyses

a helium leakage ihbM2 andE150 modules, the second orte(ium leak 1) considers leakage 1M 10 and

ML11 modules whist the third mode (Helium leak Ill) covers the case of helium leakage in the section of all
E90 modules.

The built FEMmodel usesshel elements for process lines, radiation shield and external envdiepm
elements forsliding sypports and pipelinebridge construction elements, spring elements for all the
compensatorand finallymembrane elements for elastic hosEse model consist of 1000 elements and
includes all the kinematic joints of the external envelope, thermal simdigrocess line supports. A view of

detail FEM model of a chosen section of XATL1 line is shown in Figure 4.

Strong fixed support

of processines Fixed support of

the vacuum
external envelope

Vacuumexternal

v envelope
i

i

/

Process line aial
compensators

Thermal shitl

Procesdines

Figure 4 Schematic view of thEEM modelof the E9G1 module

The numerical modeling resulted in the distributions of von Mises stressefefmmohations as well as the
forces acting on the supports. An example of the stress distribution is shown in Figure 5. The maximum
stress values on the external envelope and process lines afdRe0.d4nd 87.2Pa, respectively. The
maximum allowable stregs, which take into account safety factors, are equal to ¥B&for the external
envelope and 146MPa for the process lines. Thus, the maximum stresses do not excéedf7the
allowable stress values and therefore, according to [2], both the vaackeh and process lines are in stress
category Il. It means that the lowest temperatures of the external envelope and process lines ean reach
273 C and-255 C, respectively.
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Figure 5 Location of maximal Von Mises stresses on process line®iE#1 module

The finaldesign documentation of the cryogenic transfer line XATL1 included the functional specification,
design calculation report, a set of 205 technical drawings, welding plan, test plan and hazard analysis. This
documentation was verd and examined by TUV Nord Hamburg in agreement with the requirements of the
guideline 97/23/EC and code AD2000 and the examination resulted in no objections.

7. MANUFACTURING AND ASSEMBLY OF THE XATL1 MODULES

The manufacturing and assembly of each modtileryogenic transfer line XATL1 contained the following
set of technical operations:

1) Welding of process line sections and external envelope sections,

2) Test of the process line and external envelope sections,

3) Winding MLI on the 4.5 K and 40 K processdi)

4) Installation of the process line in their supports and radiation shield,

5) Fixation of thermal bridges to the thermal shield and thermal shield return line,

6) Winding MLI on the thermal shield,

7) Installation of the sliding supports to thermal shield,

8) Instdlation of the thermal shield in the external envelope,

9) Connection of the process line fixed supports to the external envelope,

10) Packing of the module and preparation for its transportation.

Some of listed above technical operations are shown in Fige@eAb used elements made of stainless
steel, G10 and Teflon were brushed, cleaned and dried to remove all impurities as dust, oil, grease, welding
cinder and other contaminants. All the operation done on cleaned elements as well as on MLI required
handlirg with protective gloves (see Figure 6).

The tests of the process line sections incluthedradiographic examination of weld seamsgssureand
heliumleak tightnesstess as well as thermal shocking. The tightness tests and thermal shocking were
carried out in a dedicated test rig, where a line section was closed imdat®) vacuum vessel connected

to a helium | eak detector (thé?mbmal):lThsghtnedscoteacht ab |
process line section was checked twoets, separated by a cycle of three thermal shocking down to liquid
nitrogen temperature level and rapid warming to the ambient temperature. All these performed tests did
not reveal any defects of weld seams as well as any leaks exceeding and neitteraneeptable level
10®mbar':l Ls
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Figures 6. Vies'fthe installation Figures 7. View of the process line sections
of the process line sections in a doubled installed in their thermal shield with theam
sliding support (courtesy Kriosystem) bridges being installed (courtesy Kriosystem)

F-igures 8. View of the thermal shield wound wil Figures 9. View of the assembled linear module

30 layers of MLI (courtesy Kriosystem) of XATL1 (courtesy Kriosystem)

8. CONCLUSIONS

The papebriefly describes the main issues of the design, manufacturing and assembly of the modules of the
cryogenic transfer linéor XFEL/AMTF. Both the design and assembly were performed according to the
methodology and procedures developed at Wroclaw University of Tiegynand KrioSystem LtdThe

applied design methodology allowed for preparation of correct design documentation in respect to Directive
97/23/EC Module G and AD2000 code. This documentation was positively examined by TUV Nord
Hamburg. Finally, the develogemanufacturing and assembly procedure allowed for proper and efficient
production of all the modules of cryogenic transfer line XATL1. Their production was completed within a
very tight schedule.
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ABSTRACT

The MITICA Neutral Beam Injetor, under construction in Padua at Consorzio RFX, will be equipped with a
large cryosorption pump (composed by two halves). The cryopump, installed inside the MITICA Beam Line
Vessel, will be supplied by a dedicated cryogenic plant with gaseous Helibi®) & 80 K and super
critical Helium (ScHe) at 4.6 K. The design proposal for MITICA cryogenic plant is described in this paper.
The cryogenic plant is divided in two main closed circuits: the 4.6 K circuit and the 80 K circuit. The first
one is suppliedy a Helium refrigerator via a LHe control cryostat acting as a thermal buffer due to the
variable pulsed heat loads expected during MITICA operation. The second circuit is supplied by an 80 K
facility where the refrigeration power is given by liquid nifem (LN2). Due to the expected large BN
consumptions, a Nitrogen refrigerator is foreseen to recover diqpiedy the evaporated LA

1. INTRODUCTION

In the framework of the ITER project, a new test facility called PRIMA (Padova Research on Iter Megavolt
Accelerator) is under construction at Consorzio RFX (Padua, Italy). PRIMA will host two experiments: a full
size plasma source with low voltage extraction called SPIDER (Source for Production of lon of Deuterium
Extracted from Rf plasma) and a full size tralibeam injector at full beam power called MITICA
(Megavolt ITER Injector Concept Advancement). One of the MITICA internal components is a very large
cryopumpwhich must be supplied with ScHe at 4.6 K and GHe at 80 K from a dedicated cryogenic plant.
This article describes in detail the actual status of the cryogenic plant design and configuration.

2. THE MITICA CRYOPUMP

The cryopump is divided in two halves located on the lateral sides of the MITICA Beam Line \&estel.

half is 2.8 m high and 8 m long aitds divided in 8 module¢seeFigure5). It is constituted by two main

circuits: the thermal shields circuit at 80 K and the cryopanels circuit at 4.6 K. The cryopanels are coated
with an activated charcoal layim order to adsorb gases during MITICA operation. The thermal shields have

the aim of shielding the cryopanels from the heat loads (mainly radiation) coming from the hot surfaces of
the other beam line components as well as from thek3@kssel wall. Tk cryopump must be supplied with

GHe at 80 K and 1.8 MPa, for the shielding system, and with ScHe at 4.6 K and 0.4 MPa, for the cryopanels
system. The overall mass of thermal shields and cryopanels system are respectively 3960 kg and 1355 kg.
The main mateals are stainless steel and copper. The cryopump operation flow conditions are summarized
in Table 1. These values refer to the sthpdnd the pulsen operation with kKland I only.

Figure5 MITICA cryopump
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Tablel. Cryopump operation flow conditions and requirements during steady statédogtand pulse operations

Cryopanels system Thermal shields system
Static | Mass Static | Mass
Inlet Outlet Inlet Outlet
heat flow Inlet P P heat flow Inlet P PP
T T T T
load rate [MPa] [kPa] load rate [MPa] [kPa]
K] [K] K] K]
W] [g/s] [kw] [o/s]
Stand-by
400 25 <6.5 10 195 90
(steady state)
Pulseon mode
H, (steady 900 50
4.6 0.4 10 80 1.75 100
state) Max
16 310 ~90
Pulseon mode 6.5
D, (steady 800 45
state)

Once the charcoal layer is saturated, the cryopump must be warmed up at 100 K and maintained at this
temperature for a certain amount of time in order to perform the required charcoal regerénatioyogen
flow conditions during the regeneration process for desorbing the trapped gases are summarized in Table 2.

Table2. Cryopump operation flow conditions and requirements during transient 100 K regeneration

Cryopanels system Thermal shields sysem
Mass Mass
Heat Inlet Outlet Heat Inlet | Outlet
flow Inlet P ®P flow Inlet P ®P
load T T load T T
rate [MPa] [kPa] rate [MPa] | [kPa]
W] K] (K] [kw] (K] K]
[9/s] [9/s]
Cold He
400 N/A N/A ~6.5 N/A Max 10
Warm-up release
20 min 080 06.5 Max Max
Warm-up ~130 Max 70 310
¢ 130 | ¢ 100 21 93.5
1.75
Exhaust 0100
~20 > 100 10
(steady state) ¢ 110
j 80 1.75 100
Depressur | Max 0100
N/A N/A N/A Max 50
ization 500 ¢ 110
Cool-down ¢ 110
Cool-down ~9 ~4.6 Max 10 | ~10 | >195 ~90
2 hours 010
0.4
Final cool- ¢12
~30 4.6 10
down 06.3

N/A: not available parameter
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3. MITICA CRYOGENIC PLANT DESIGN PROPOSAL
The current cryogenic plant design proposal is shiovidigure8. Themain plant components are:

Helium compression station with its own oil removal system and dryers
900 W Helium refrigerator (equivalent power at 4.5 K)

LHe control cryostat (with two submerged heat exchangers and a ScHe cold circulator)
Valve box

Nitrogen compression station

16 kW Nitrogen refrigerator

80 K facility (with two submerged heat exchangers and a cold circulator)
Black box (for splitting circuits)

Medium pressure GHe storage tanks (2.0 MPa)

10 Helium atmospheric heaters

11. LN2 tank (for backup purmses)

©CooNoOA~WNE

The cryogenic plant must be characterized by a high operational flexibility in order to fulfil the strongly
variable cryopump requirements, especially during the transient 100 K regeneration process, which,
according to current 10 (ITER Organizatjorequirements, should be performed in maximum 3 hours
(including the warrrup, exhaust and codlown phase). This requirement has a strong impact on refrigerator
size and on the overall plant configuration. For this reason, according to the currenttdesigfrigeration

at 4.6 K is separate from the refrigeration at 80 K in order to guarantee the required plant flexibility.

3.1 Refrigeration at 4.6 K

The entire circuit for the refrigeration at 4.6 K is divided in two main closed loops (bolted bluénlines
Figure8): thesupply loop between the Helium refrigerator and the LHe control cryostat and the cooling loop
between the LHe control cryostat and the cryopump. During the-Btantbde the operational parameters
inside the cryopump must be held constant in order to be ready for the next pulse operation. The refrigerator
supplies cold Helium to the control cryostat. This cold Helium is partly used for the liquefaction as well as
for the JouleThomson flow directly ito the cooling circuit of the cryopump. The cooling loop must be
pressure controlled. The backflow coming from the cryopump is partly released into the LHe bath of the
control cryostat and also sent to the cryopump again via submerged heat exchangfegtibheof the

ScHe released into the control cryostat can be evaporated into the gaseous Helium volume or, depending on
the operational parameters it can be liquefied in the LHe bath. In the supply loop the boiled off GHe is sent
back to the refrigeratanside the heat exchangers column to cool down the GHe supply flow. In the cooling
loop a cold circulator is used to increase or reduce the mass flow rate. In this way it is possible to adapt the
flow rate to the actual heat loads at the cryopump. InideLHe bath in the control cryostat two heat
exchangers are foreseen upstream and downstream the circulator. The main function of the LHe control
cryostat is to separate the refrigerator itself from the cryopump acting as a thermal buffer. In thisosay a m
stable operation of the refrigeration is guaranteed in spite of the pulsed heat loads during MITICA operation.

3.2 Cooling loop operation

The schematic layout foreseen for MITICA Cryogenic Plant is characterized by a closed loop in which 4.6 K
ScHe flowsduring normal puls@n and standby operation. This closed loop, named cooling loopigure

8, includes the LHe control cryostat, the valve box and the cryopanels circuit of the cryopump. A bypass
valve is foresee in thevalvebox in order to be able to open/close the loop. A simplified scheme of the ScHe
loop is shown irFigure6. During staneby and pulsen operation the ScHe flows from thentrol cryostat

via the valve box to the cryopump. The return flow goes from the cryopanels outlet wathebox again

and then (bypass valve closed) to toatrol cryostat in which the heat load is removatb theLHe bath

During the 100 Kregeneration the ScHe must be repthedth warm GHe at 100 K at higher pressure (1.8
MPa). The loop has to be interrupted. The bypass valve in the valve box must be opened and valves A and B
must be closed allowing the 4.6 K ScHe to flow only from the control cryostat to the valve boxcand vi
versa in order to keep the supply liregsoperational temperaturat the very beginning of the regeneration
phase the situation is the following: ~4.6 K and 0.4 MPa ScHe is flowing in the cryopanels circuit; this cold
Helium must be replaced with warRelium at ~100 K and 1.8 MPa. This temperature and pressure levels
can be reached by mixing cold Helium with 300 K GHe from the storage itasifle the valve baxAll the

col d Hel idwing this phase t(tke quantity of ScHe necessary to fill thermal volume of the
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cryopump, the cryojumpers, and the transfer lines betweerbltdok box and thevalve box) must be
liquefied againin orderto be available at the beginning of th@lowing cool down phase. After the
exhausting phase (desorption oé toryopanels, about 30 minutes), the cool down phase Sthgswarm
high pressure GHe (~110 K) is discharged to other manifolds at lower pressure and the cryopanels system is
depressurized. Once the pressure inside the system reaches 0.4 MPa thedbypdsstivevalve lox is
closed valves A and B are openadd 4.6 K ScHaupplyflow into the loopstarts This cold Helium will be
warmed uppassing througlhe regeneratedryopanelsThe Heliumflow at the outlet of the cryopump is
expected to have a&mperaturesimilar to theregeneration temperature (T >>K§ During the cool down
phasethe temperature will decrease untik target value of 4.6 i reachedDuring this phase the warm
outl et Hel ium (T >> cdtrol€ryostat dentd excessiwely dighnteamperature. tThee
Helium will be discharged to other manifolds until trgopumpoperation temperatuie ~4.6 K is reached.

At this point the discharge line is closed and the loop begins its normal operation again.

Discharge line

LHe bath A
Y }
4.6 K ScHe
Frpm the = > = Q—fﬂ To cryopanels
refrigerator < b From cryopanels
Bypass A
valve
N
LHe control Valve box
cryostat

Figure6. Simplified scheme of the cooling loop

3.3 Refrigeration at 80 K

The 80K thermal shields circuit of the MITICA cryopump must be supplied with GHe at 80 K. In order to
maintain the two circuits of the cryopump completely independent, aateditacility for the refrigeration

at 80 K is foreseen. A dewar of suitable size filled with LN2 represents the so called 80 K facility. Two heat
exchangers are immersed in the liquid nitrogen bath and a cold circulator is interposed in between. The
circulator allows the adaptation of the mass flow rate according to the specific cryopump requirements. The
GHe flows inside the circuit in a closed loop between the cryopump and the 80 K facility. The refrigeration
power is given by the latent heat of the LN&is configuration gives a high operational flexibility, which
would not be possible with a single Helium refrigerator with two outputs at two temperature levels. A
schematic view of the 80 K facility and the related closed lospasvn inFigure?.

GN2 outlet

Pas

Cold GHe Warm GHe

(k\ /)H

Cryopump Heat
Submerged load
Heat exchangers

_ LN2 suppl!
Circulator Heat el

load

X

Circulator

Figure7. Closed loop and heat loads on the 80 K GHe flow

4. LN2 CONSUMPTION ESTIMATION

Considering the foreseen MITICA operational scenarios a large LN2 consumpégpeisted. IrFigure 9

the LN2 consumptions during the foreseen experimental scenarios are shown. The contribution of the heat
load introduced by the cold circulator during the different operating modes is also inclubiegrsil0 the
cumulative consumption during an entire operational day is shown. Depending on the operational scenario
consumptions between 9000 and 10000 litres per day have been estimated. Considering also the expected

37



The 13" CRYOGENICS 2012 Dresden, Germany

wnnoeA —L
- ﬁ 08 ~ (SPIaIUs X 08) L
i ud ol dwndokin
M §'p ~ (sjouedoki) L
Ld ainesadway - |
Saul| JIsjsuel ainssaid - d
a|qIxa|4 MO - 4
m [ ) y TuoneIuSWnNASU[
h _ Ta NSy~ 1
1 161 dwndokin @ auoz | 100pINO
« > 08 ~ (SPI21US 3 08) L _||||||||I_
Id i | |
dwndoAi £} IM [[9SSOA BUIT Wwea |
xog »oe|g O VOLLIN 3y} yum || A Bul d | fores ofieion “
ZN1 Bunsooq
lOOI_ w TONIaTINg “ \Q_‘Tv_uﬁm _
S |
OZ_I_OOO [ T8uoz 1 Z ONIQTING
— : ﬁ “ TT 1
)
PIRIYS-aHO BUIPIBILS 10} OHO M e Jojesodeny _
Y I008 B S [}
I 3 Add 7 300€ 3HD
ﬁ M00E b Y
[UIEETY ﬁ N1
MOO0E / 06 / S
. - a 5 woy
ﬁ A L/did H — % oo ﬁ ﬁ — _ F\@L >uaw
Aiddns aH 308 Y00E / 00T / %08 3HO >08 1RG8T /3108 120G 8T / ¥ 08 3HD. L =
X - — v plaIS-2HD
wmas w-.”? Ld M00E| XDm\-\ _ Jemaq aH1 ot >u_ _ _ Qm“_ m:o:mu...w%wmm.
> & > anenic
< L \JQO < // ) L % vais o ) ou A08 N s
fdans o YOO0E / M00T / %08 / %9 8HO ’ rﬂ e/ va/ 3H xw‘ ﬁ % N ANBA-LL
1 rod
, N < ND
AN R R D B _
Xxog aA[_A ! A " ) _
q xog p|od
.v SSvdAg Joresabuyal siossaidwod 1, | !
4 uaboniN |
4001 n uabomN » |
— Addns s G |
181S0AID |0J11U0D BH — |
= xog p|od PP |
MU - 107219601 wajsAs [eaowsal |10
< » E:__m.h 4 ‘siossaidwo) |
ﬁ ouy 7 T |
pest fapes sioreay Wk I C___ L |
| |
s1ajeay | syue) abelols |
wnijoH K aH9 aind |
[ o syjuey Jayng
OT I O LT e |
X X | |
— _ !
L e — — 1

¥ ONIQTINg

Figure8. MITICA cryogenic plant design proposal
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MITICA experiment life (20 years), from preliminary calculations and budget estimations seems that the
installation of a N2 refrigerator is the most economical solution taking into actteunperational costs. In

this case the boiledff GN2 in the 80 K facility returns to the N2 refrigerator to bdigaefied and sent

again to the dewar (as shownFRigure 8). The alternative solution is to idittwo 25000 litres LN2 tanks
outside the buildings and to supply the LN2 for the refilling of the dewar from these tanks.

Scenario 1

Scenario 2D
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Figure9. LN2 consumptions per hour during the entire experimental dayfarelit operational scenarios

In this case the initial investment costs should be obviously lower but the operational costs during the overall
experiment life would be much higher. A 10000 | LN2 tank is foreseen also in the case of N2 refrigerator
solutionfor backup purposes.
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Figure10 Cumulative LN2 consumptions during an entire day of operation in different operational scenarios

5. CONCLUSIONS AND FUTURE WORK

The MITICA cryogenic plant design proposal has been described irrtilcis.aFurther steps are required in

order to assess some important details regarding budget constraints and final requirements. Furthermore a
technical dialogue with industry is planned in order to receive a feedback for the preparation of the final
vergon of the technical specification. A critical analysis of the requirements must be carried out in order to
fix an optimal design for the plant without exceeding the allocated budget.

This workhas been carried oint collaboration andvith financial suppd from Fusion for Energy (F4E).
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The MITICA Facility: A Possible Optimization of the Cryogenic Plant Cooling
Capacity

Fellin F.", Passardi G. , Valente M.", Zaccaria P.

" Consorzio RFX, Corso Stati Uniti 4, Padove3127, Italy
“ CERN, CH1211, Geneve, Switzerland

ABSTRACT

In MITICA experiment (Padova, ltaly), a large sorption cryopump has to be installed in the Beam Line
Vessel. A dedicatedryogenicplant has to be reaéd to supply the cryopanels with ScHe @ 4.6 K and GHe

@ 80 K for radiation shields. Considering the various operation modes of MITICA cryopump, a possible
way to decrease significantly the installed cryogenic power (referred to 4.6 K) is the use afna heli
refrigerator sized on an average refrigeration power value instead of the peak heat load and constantly
operating at full power. The additional refrigeration power requested during beam pulse operations would be
supplied by LHe inside a Control Cryostaiusing the heat exchangers that cool the cryopanels ScHe loop;
the recovery of evaporated LHe can be carried out during the long regeneration time performed overnight. A
test case of MITICA experiment in ITER conditions foresees fast cryopump regenediailed in this

paper
1. INTRODUCTION

MITICA is an ITER facility in which the performance of a Neutral Beam Injector (named HNB, Heating
Neutral Beams to be used in ITER) will be proofed and tested. The target of MEF@4enic planis to

allow the carect operations of the MITICAryopump [1], an injector component placed into MITICA Beam
Line Vessel. ITERcryogenic planf2] has many cryogenic users (magnets, cryopumps, cryostat, etc.), while
MITICA cryogenic planshall be sized to supply a singleen, thecryopump. This paper deals with expected
experimental scenarios for MITICA experiment, involving cryopump and consequentiyytigenic plant

and a possible way to minimipeyogenic plantomplexity and costs based on the effective requirements

2.  MITICA OPERATIONAL SCENARIOS DESCRIPTION

The MITICA test facility can use hydrogen or deuterium gas for performing the experiments [3]. The
associatecCryogenic plantvill be customized on theryopump operating requirements. An exact definition

of theserequirements is essential in order to assure an optimized design of the plant avoiding extra costs due
to excessive margins or ovestimation.

2.1. Preliminary experimental campaigns with hydrogen

The first period of MITICA experiment operatiowill be perfamed using hydrogen and not deuterium in
order to avoid possible complications due to the activation of the materials. After having gained sufficient
experience with the machine, it will be possible to switch from hydrogen to deuterium operations.

During this first period of operation, as well as in the future with deuterium, the limitation on the number of
pulses per day (with hydrogen) or pulses duration is imposed by the gas saturatiooryaghmp and not

by the size of the refrigerator, which shobkldesigned to cover all the foreseen operating scenarios.

2.2. Nominal reference scenario

The nominal reference scenario for MITIGAyogenic plantnamed scenario 2D (Figure 1 and Table 1),
consists of a series of identical pulses at full power beam (sthpdke), using deuterium; each pulse has a
300 s duration and a 900 s of stdnd(that is beam OFF) is foreseen between pulses. A maximum number
of 21 pulses is foreseen during a nominal experimental day; after the operatygspamp regeneration
phaseat 100 K of maximum 12 hours (during night) is foreseen.
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Figure 1- Nominal reference scenario 2D: series of (maximum) 21 pulses in deuterium
of 300 s duration with intervals of 900 s between pulses

2.3. Testcases

The main important test case is the derration of the reliability of Neutral Beam for long pulse, fulfilling

the ITER contractual requirements:

- full power beam pulse, duration 3600 s;

- beam OFF for the three consecutive hours; during this time a regeneration process at 100 K is required;

- repetition of full power beam pulse, duration 3600 s (Figure 2 and Table 1).

It is still unclear whether the execution of a correspondent long pulse (test case 1H) using hydrogen instead
of deuterium, is required or not; in any case, duery@pump charderistics, pulse duration has to be
limited, using hydrogen, to 3000 s duration. However, both test cases are planned to be executed only few
times in the entire expected life of MITICA experiment (20 years), as a full performance test of Neutral
Beam.

Basd on these considerations, it is necessary to design the Mar@genic planto perform both nominal
reference scenario and test cases. The execution of test cases will be possible also considering the purchase
of temporary quantities of LINand LHe agryogenic planboosters. The MITICAryogenic planwvill allow

the processing of these quantities supplied by means of temporary trucks and/or tanks. This strategy would
allow reducing the amount of installed cryogenic power, because the nominal refecemario is less
demanding than the test cases, and reaching the required power for test cases execution with temporary
supply of cryogenic power etlemand. The proposed strategy would allow a reduction of capital costs with a
slight increase of operatial costs for test cases execution, as further explained.

Table3 - Cryopump operation flow conditions in reference scenario and test cases

) Cryopanels mass
Static heat load: ) ) )
flow rate during Pulse duration [s] | Regeneration type
pulse [W]
pulse [g/s]
) ) 300s
Nominal reference scenario 2D 800 (D)) 45 (max. 21 pulses Slow, 12 hours
per day)
) 300s
Scenario 2H 900 (Hy) 50 (max. 10 pulses Slow, 12 hours
per day)
Test case 1D 800 (D) 45 2 x 3600 s Fast, 3 hours
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Figure 2- Test case 1D: two long pulses in deuterium of 3600 s duration
with three hours focryopump fast regeneration @ 100 K in between
(note to Figure 2;,twarm-up time, { regeneration time (exhaust phasggobtdown time,
T, cryopanels temperate, T, regeneration temperature)

2.4. Considerations about MITICA experiment operations

Beside the nominal reference scenario 2D and the above mentioned test cases, a quite long intermediate
phase should be considered in order to outline a more realistic ¥/l ECA experiment operation The

high demanding fast Pump Regeneration Sequence (3 hours), named fast PRS, will be not performed during
this long phase because unnecessary. For this reason tloeyfgmtmp regeneration, and in particular the

fast cooldown (see Table 2), should not be the referencerargenic plansize definition (see Table 2).

The cryogenic planwill be sized on the nominal reference scenario 2D (TalaladLFigure ), where only

slow Pump Regeneration Sequence is foreseen, witheuuse of additional quantities of LHe and,LN

Also during the H pulses (which will require an intermediate regeneration because hydrogen causes a more
rapid saturation of the charcoal adsorbent layers), the regeneration should not be consideoedtesira

for the cryogenic plantesign. The real duration of the regeneration will depend on the effective capacity of
the installed plant. Only when the test cases with long pulses will be scheduled, with the fast regeneration
between two pulses, addihal quantities of cryogens will be ordered by the gas supply Companies, in order

to have the required refrigeration power. This solution has to be intended as extraordinary operation.
Furthermore, beside the operational scenarios there will be a segeseral operating states involving all

the experiment components and auxiliary systems for MITICA, includingrifopump and, consequently,

the cryogenic plantThese operating states will not affect thhgogenic plantapacity, but should be carried

out for a correct operation of the experiment.

Table 2- Cryopump requirements during fast regeneration (performeg=@0 K)

Cryopanels mass
Heat load [W]
flow rate [g/s]
Cold He release

Warm-up (t,=20 min) 400 N/A
Warm-up ~130

Exhaust (stealy state, t=30340 min) ~20
Depressurization Max 500 N/A

Cool-down’ (t;=2 hours) Cool-down ~9
Final cool-down ~30

* the cooldown is the most demanding phase for cryogenic plant, due to the necessity to cool down
from 100 K to 4.6 K and further refilig with ScHe the cyopanels in a short time.
N/ A means fAnot assessed valuebo
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3. A POSSIBLE WAY TO REDUCE CRYOGENIC PLANT SIZE

Considering a longryopump regeneration during night (slow PRS) and with reduced time constraints for the
cooldown and warrup phass the load on the refrigerator and the related size would be reduced. Also the
control system performance requirements would be relaxed with consequent improvement in the operation
easiness.

In Section 2.2 the nominal reference scenario 2D for cryopksiga is detailed. Based on this scenario the
most demanding cryoplant operation phasgdpump regeneration) is relaxed, since it is planned to be
performed during night. Having long time available to liquefy the helium required during thelaool

after the warmup phase, the load on the refrigerator is strongly reduced.

Dimensioning the helium refrigerator on the nominal reference scenario 2D, a cost saving would be possible.
In order to perform also the test cases described in Section 2.3, a tenfjparstig system based on hired
LHe/LN, trucks/dewars shall be used. In this way it will be possible to reduce the size of the refrigerator
without any functional penalization of the tests foreseen to verify the MITg€dpump performance.
Nevertheless,ight from the beginning the plant should be designed in order to be able to process the higher
flows during the test cases with an easy integration of the external additional cooling facilities.

3.1. Cryogenic plantdesign scenario and test case execution

Constering the sizing of theryogenic planton the base of hominal reference scenario 2D mentioned in
Section 2.2, the maximum heat load acting onctifepump on which the plant could be sized is (currently)

900 W (maximum heat load during Hydrogen pulssee Table L In this case the related refrigeration
power required to remove this heat load from the cryopanels represents the driving factor for the sizing of the
refrigerator, as detailed in [4].

In order to reduce the overall investment and operatimoslof the plant, another possible alternative is here
considered. Since the nominal reference scenario 2D (see Table 3) for plant sizing includes a long time
available to perform slow PRS during night, a smaller refrigerator could be taken into aédepanerage

power between the peak pulse heat load (900 W) and thelstdreht load (400 W) could be chosen. Hence

a refrigerator of 50008600 W would be able to fulf
to fix a size, a 500 W powerilvbe considered; final size will be assessed in the future after the final design

of cryopump). Ths refrigerator would work constantly at full power supplying the required refrigeration in
standby modg. Just before the pulse the cold circulator indbetrol cryostat begins to increase the ScHe
mass flow rate in order to remove the higher heat load. The heat removed is transferred by ScHe loop in the
LHe bath in the Control Cryostat; because of this increased heat load a larger quantity of LHdesvapora

the ullage space of the cryostat. The additional quantity of gas generated inside the cryostat cannot return to
the refrigerator, which is sized to work out a gas quantity correspondent tebgtaperation only (or

slightly higher).If this largerquantity of gas were sent to the low pressure side of the refrigerator a sub
cooling of the heat exchangers and the turbines with failures or interlock system intervention could be
experienced. For these reasons the additional gas Helium generatedhasidgstat during pulses should
bypass the refrigerator cold box, be warmed up and temporarily discharged into the buffer volumes before to
be processed again.

During the entire experimental session there will be a continuous reduction of LHe lewetlmsiwhth. The

LHe quantity required for the next day experimental session must be recovered during night. The refrigerator
re-liquefies the necessary amount of Helium to refill the cryostat. At the same time theupvand the
regeneration of the cryopals is performed through the separate high temperature circuit. Once the refilling
operation is completed the slow cool down of the cryopanels from 100 K to 4.6 K can start, in order to
recover the operational conditions of tmgopump.

The so called teéscases (see Table 4, where the more demanding test using Deuterium is shown) with fast
PRS between two long pulses, can be performed using an additional external LHe quantity (around 600 I, as
shown in the last row of Table 4) to be supplied directlydmshe low temperature loop for the cool down of

the cryopanels. If this quantity of liquid helium cannot be supplied in the given short time and subsequently
reprocessed bgryogenic plantn parallel with the all the other duties because its capacitpasrll design

features are based on the nominal 2D scenario, it can be released into atmosphere after the performing of the
fast cooldown phase.
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Table 3i Main parameters during execution of Scenario 2D

Refrigerator nominal power 500 W
Heat load (durig pulses) 800 W
Number of pulses 21

Duration 300 S
Maximum overnight timdor slow PRS 12 h
Cryopanels cool down rate (overnight) 15 gls
Evaporated LHe during pulses 829 I
Liquefaction rate during night 3.8 als

Table 4i Main parameters duringcecution of Test case 1D

Refrigerator nominal power 500 w
Heat load (during pulses) 800 w
Number of pulses 2

Duration 3600 s
Maximum overnight time for slow PRS 12 h
Cryopanels cool down rate (overnight) 15 ols
Evaporated LHe during pulses 947 I
Liquefaction rate during night 4.1 gls
Additional LHe required between the two pulses 540 I

3.2. Cryopump regeneration transient operation (@ 100 K)

During this operation, the cryopanels of tiigopump have to be regenerated at a temperature of 100 K. The
100 K regeneration operation is divided in three main phases: the-warthe exhaust, and the catdwn

phases (Table 2). For the fast PRS, a maximum allocated time of 3 hours is imposed (12 hours for slow
PRS).

1-_ Warmup of the cryopanel system

The cryganels shall be first warmed up to a minimum temperature of 100 K. A part of the cold helium
(supercritical helium between 4.6 K and 6.5 K) is previously removed frorarylopump. The envisaged

way to remove the cold helium is to close the supply valwésopen the return valves to a pressure lower
than 0.4 MPa. This phase is time consuming and reduces the time allocated for thgpwigading to an
increase of the average mass flow to warm ugty@pump.

Then the supply valves can be very slightlygieed to progressively supply the cryopanels with warmer gas

at 1.75 MPa, starting with a very small mass flow. Once the initial cold helium is totally removed, the mass
flow can be increased. The cryopanels can be supplied from a mix of 80 K and 308&igasin order to
provide temperatures from 80 K up to 130 K. The wamphase is finished when a minimum temperature

of 100 K is reached everywhere in the cryopanel system. The maximum allocated time for warming up the
cryopanel system, including thegtiminary cold helium release phase is 20 minutes.
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2- Exhaust phase

When a minimum temperature of 100 K is reached everywhere in the cryopanel system, this state must be
maintained for a minimum duration (3@ min) to ensure a complete release of tipurad gases. Note that

the captured gases start to be desorbed already during theupaiase.

3- Cootdown of the cryopanel system

The cooldown first starts with the depressurization of the system from 1.75 MPa to a pressure below 0.4
MPa. The supplyalves have to be closed and the return valves opened to a lower pressure. Then the
supercritical helium at 4.6 K and 0.4 MPa can be supplied and thel@eal phase is finished when a
temperature below 6.5 K is reached at the outlet of the cryopanehsyBhe maximum allocated time for
cooling down the cryopanel system during a fast PRS, including the preliminary depressurization phase is
two hours.

Estimations of the required mass flows to wammand cooldlown the cryopanel system have been
performed taking into account only the internadyopump components. As a consequence, the real required
mass flows during the warop and coedown phases could be increased. The two mass flow values for the
warmup and coedown phases in the Table 2 (130 g/s rgis) should not be intended as requirements for

the cryogenic planbut those evaluated assuming that ¢h@pump is directly connected to the supply of
cooling power and that no other mass and volumes have been taken into account. Moreover, these
estimations are based on preliminary calculations and no margin has been considered. The main results are
reported in the Table 2.

Assumptions for the calculations:

- cryopanel system mass and volumes: capacity 105 litres, mass 1810 kg (referring to orfie half o
cryopump, including welding materials, charcaatl glué;

- the static heat loads (solid conduction and thermal radiation) are taken into account. The variation of
the radiation heat load with the variation of the cryopanels system temperatureagessimto account.

4. CONCLUSIONS

The reduced power refrigerator solution can represent a possible way for reducing the investment costs of the
cryogenic plantwith the associated external systems (electrical power supply and cooling water).
Furthermore thisolution presents three main advantages in terms of operational costs if compared with the
900 W refrigerator solution (as described in [4]).

1) The refrigerator must operate as far as possible in stable conditions; for this reason the load seen by
the refigerator should be maintained as constant as possible. In case of a 900 W refrigerator, electrical
heaters must be used inside the LHe bath in order to compensate the reduced load duringhthelsterad
between pulses. With a 500 W refrigerator thesigitive solution of the electrical heaters would not be
required, because the refrigerator would work constantly at full power; a consistent amount of electrical
energy costs will be saved, and this will be very important in a country, like Italy, \whhehéctricity costs
(around 130 4/ MWh, VAT excluded, considering a wi
2)  The refrigerator would work constantly in the range of the maximum efficiency for which the
refrigerator itself is designed andhtized;

3) A lower size motor allows saving the operative contractual costs for installed power supply since at
least 300 kVA can be saved with a 500 W instead of 900 W refrigerator.

Acknowledgment: this work was set up in collaboration and financialostippFusion for Energy (F4E).
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Cryogenics for the European Spallation Source

Wang X.L., Koettig T., Gallimore S., Hees W.
European Spallation Sourde.O Box 176, LundSE-2210Q Sweden
ABSTRACT

The European Spallation Source (ESS) is an intergovernmental project building a multidisciplinary research
laboratory basedupo t he wor |l dés most power f ul neutron sour
Swede. The ESS linear acceleratoméc) will deliver protons with AW of power to the target at
2.5GeV, with a nominal current of 58A. Threefully independent refgeratorsare foreseen to guarantee

the necessary cooling capadity the entire facility.The superconductingart of the inhacconsists of a total

of 208 niobium cavities cooled with superfluid helium to 2 KeTryogenic hydrogemoderatos in the

target will operate at around 20 K under supercritical conditidh® instruments and test stand cryoplant
combines liquefaction for the instruments at 4.5 K and the occasional helium refrigeration for the two
cryomodule (CM) test benches. This paper dessribe baseline considerations, the conceptual design, the

key cryogenic components and the preliminary heat load estimates for the cryogenic supply of ESS project.

1. INTRODUCTION

The ESS, a new international research infrastructure, is undeopséructio phase at Lund, Swed¢h,
which will deliver first neutrons in 2019. At full specification, to be achieved in 2025, the ESS will deliver
2.86 millisecond, pulses (at Hk) intense neutron beams at a power di\®, to 22 independent
experimental instruents. The general layout of the ESS is shown in Figure 1.

Instruments-and test //’
stand Cryogenics— ———

Z : 4 T;get Cryegenics

accelerator tunnel target building
klystron gallery neutron lines
@ cryoplants instruments

Figure 1. General layout of the ESS.

The high level parameters of the ESS, and its guiding scientific goals are recorded in Table 1.
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Table 1. High level parameters of the ESS.

Parameter Unit Value
Average beam power MW 5
Number of target stations 1
Number of instruments 23
Number of moderators 2
Proton kinetic energy GeV 25
Average macrgulse current mA 50
Macro-pulse length ms 2.86
Pulse repetition rate Hz 14
Maximum acc. caty surface field MV/m 40
Maximum linac length m 502
Upgrade length m 100
Annual operating period h 5200
Reliability % 95
ESS6 cryogenic system wil/ serve three different

instruments and & stand. The baseline concept of the cryogenic system foresees three fully separated
cryoplants to cater for the liquid helium (LHe) needs. The linac cryoplant suppked 2 to the
superconducting RF CMs of the accelerator. The target cryoplant mahieldnelium refrigeration power at
around 16 K to the hydrogen moderators in the target. The instruments and test stand cryoplant feeds LHe in
mobile dewars to experiments and instruments as well as supplying the the CM test stand, while collecting,
purifying and reusing the warm return helium. The basic requirements, the reference cryoplant capacities,
layout and the cryogenic components for the ESS will be presented in this paper.

2. LINAC CRYOGENICS

The ESSinac will deliver protons with MW of power tothe target at 2.&eV, with a nominal current of

50mA. The general layout of the linac and its cryogenic infrastructure is shown in Figure 2. The
superconducting section of the linac contains 14 spoke CMs with two deudite cavities in each which

takes the beam to 191 MeV, 15 medium beta and 30 high beta elliptical CMs with fowefiveavities in

each which finally takes the beam to the full energy of 2.5 GeV. There are 59 CMs in total and the length of
the cold linac is about 400 meters. All castwill operate at 2 K helium bath temperature. As described by

the BCS theory of the superconducting state, the surface resistance at radio frequencies and the dynamic
losses decrease strongly with the temperature. At the same time, the efficienaygeharyplants decreases

with decreasing the temperature. As a consequence, an optimum operation temperature needs to be defined.

Spoke CMs Medium befa (Ms High beta CMs Target
485m 586m 139m 2279 m 1592m
(I 252 5 oM a & cavities 30 CMs a & Cavities .
Cryogenic Transfer Line (CTL) I
o /
N 3 Cryoplants faor:
L=400 m - Linac

- Target
- Test facility/instruments

Figure 2.The general layout of the ES8dc and the cryogenic infrastructure

The ESS linac cryogenic system will mainlynsgst of one central cryoplant, the distribution system, the
cryogenic transfer lines with the length of 430 meters and the related warm piping isysteler to supply

the liquid helium to the CMs. To design the cryogenic system, the refined heat tioaatess the cavities

and shield operation temperature optimization, safety aspects, redundancy concepts, machine component
choice and the CM design need to be studied in details.

47



The 13" CRYOGENICS 2012 Dresden, Germany

2.1. The Segmented CM Design

The CM design is crucially important to design aptimize the linac cryogenic system. The strategy of ESS
CM design is to make use of the two existing designs for X2E2] and SNY6-8], named respectively as
the continuous module and the segmented module.

The XFEL continuous module design is basedthe technology of TESLA Test Facility (TTF), which is

driven strongly by the length of the cold linac and directly by the cost [9]. The TESLA linear collider project,

like the ILC, would have a length of several km and consist of thousands of CMs. i€dnwith the
segmented CM, the continuous CM design, got rid of the local distribution system including cryogenic
valves, safety valves, low pressure heat exchangers, jumper connections etc. and used the 300 mm backbone
tube as a process tube and suppoucture to the cavity string. It will cost much less for the individual CM,

which reduces significantly the total cost of the project. For a short linac, like that of ESS, this cost issue has
a minor effect so that there are no obvious advantages tbeiseritinuous module design.

The other big concern about the CM design is the cryogenic heat load composed of the static and dynamic
fractions. For the XFEL continuous CM, the static heat load of CM provides more t@ammBibhe total heat

load [10]. This kind of CM design could decrease as much as possible the CM static heat load and further
reduce the size of the cryoplant and simplify the cryogenic system. For ESS CMs, the initial heat load
estimates show that the total heat load is dominated byyrdc fraction [11, 12]. It means that the
additional static heat load from the caldrm transition and the interface (Bayonet or VCR connections)
between the main distribution system and the CM in terms of the segmented module design has a limited
influence on the size and complexity of the cryogenic system. It results that the segmented module design is
more suitable for the ESS case from the heat load fraction point of view.

Two key elements, the relative short linac and the heat load dominated dyntmaic fraction, determined

the adoption of the segmented CM design for ESS. The segmented module design also provides additional
advantages [A]. It allows replacing quickly one complete module without warming up the whole linac. A
warm interlocked val® could isolate one module in case of beam pipe vacuum loss. The warm focusing
magnets in between CMs are easy to access, align, maintain and update. Two ESS CM technology
demonstrators are under development with extensive international collaboratiatingdlbe mechanical

and thermal design, required tooling design, preparation for the industry manufacture and development of
infrastructure, like clean room, assembly hall anddesa [14].

2.2. Proposed Flow Schematic

The schematic of the proposed distribatsystem of the linac with segmented modules is given in Figure 3
(see next page).hEere are thre cooling circuits in the linac. The primary circuit (about 3 bar, 4.5 K) uses a
heat exchanger to precool the forward flow, followed by a Jbhtamson (JT) valve to expand to saturation
pressure at 2 K within the CM. The second circuit supplies a forced flow of about 4.5 K helium to cool the
RF power couplers. The helium warms up from 4.5 K to ambient temperature towards the warm end of the
power coupler andeturns back to the cryoplant via a warm gas relima [15]. An on-going study will
show if ités necessary to use the second circuit
cables as well as the celdarm transition, in order tminimize the heat load into the CM. The third circuit
provides helium at about 14 bar,-80 K to the thermal radiation shielachCM will be connected to the
cryogenic transfer line via jumper connections irshiape design. Cryogenic valves situatec imacuum
insulated valve boxn the transfer linadjust the appropriate mass flov.vacuum barrier in the jumper
connection separates the vacuoithe transfer line frorthe individual instation vacuum of the CM

2.3. Requirements of the Cryoplant

For thetime being, the overall cryogenic heat load of the ESS linac installation, including the distribution
system, the main transfer line and the CMs, is estimated to in a rangd 4KV equivalent at 4.5 K under

the full power operation of the ESS. The utaiaty factor of 1.8 [16] has been considered in this estimate
related to the stage of the project. With reference to the experience with other large superconducting
accelerator facilities like XFEL, LHC and SNS, it is expected that the cryogenic sdpplylmac has to be
maintained across a period in the order of several years without any majdoghubf the cryogenic plant.

The availability and reliability should exceed #0in order to contribute to the overall goal of %5
availability of ESS.
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Figure 3. Schematic of the proposed helium distribution system of the linac with segmented modules.
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3. TARGET CRYOGENICS

The ESS target station will have two cylindrical coupled liquid hydrogen cryogenic moderators each with
wing-geometry water (at 300 K) eénmal moderators one above the target and one below. The target
cryogenics in ESS has to continuously provide the moderator cooling system with cryogenic hydrogen. The
cryogenic moderators share a common hydrogen loop and are connected in a paraia@lationf The
hydrogen is maintained at a pressure exceeding 1.3 MPa and a temperature bet@da urvder all
operating conditions, thus ensuring that the hydrogen always remains in the supercritical state, which keeps
the system free from all problerassociated with twphase flow.
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The reference heat load at present for each cryogenic moderator is approximately 10 kW (0.4 i&figat 17

range) for a proton beam power of 5 MW, which will be significantly larger than the lo#8Ng [17,18]

and SNJ19]. The concept design of the target cryogenic system is approaching completion, and is similar to

that of JSNS and SNS. The target cryogenic system will consist of:

1 One helium refrigerator system to produce the refrigeration power of about 20 kWrat a60K.

1 The heliumhydrogen heat exchanger to transfer the cooling power to the hydrogen.

I The hydrogen circulation system to circulate the cryogenic hydrogen through the moderators and to
absorb the heat of the moderators and the circulation system.

1 Cryogenic hydrogen transfer lines to supply the cryogenic hydrogen to the moderators and to return the
warm hydrogen.

9 Other components such as a gas hydrogen supply unit, accumulator and heater systemparaortho
hydrogen converter and a vacuum system.

I Thehydrogen safety system to avoid the inflammation and explosion of the hydrogen and to guarantee
the cryogenic system running safely and stably.

4. INSTRUMENTS AND TEST STAND CRYOGENICS

About 50 I/h of liquid helium are required for the instrument and expeatioaling. It is foreseen to use the
liquefier that is supplying these quantities as well as refrigerator for the local CM test stand. During the
construction of the ESS all 45 elliptical CMs have to be tested. The local test stand is in the promosal stag
now and has recently passed the first preliminary approval. It will supply all cryogenic and RF stationary and
transient operating conditions except the beam operation. The main purposes are:

9 test the complete CM system at operation temperatures antiRFfload;

1 qualify all CMs after the assembly;

1 maintain and improve the superconducting linac and support power upgrade R&D;

9 train the staff and accumulate CM operational experience as early and quickly as possible.

The preliminary cryogenic heat loadtimate is about 0.5 kW equivalent at 4.5 K. The cryogenic supply for
the instruments and the test stand will be integrated into one cryoplant which can supply the helium
refrigeration and liquefaction at 4.5 K in parallel. The liquid helium supply wlbbffered by a liquid
helium storage vessel. Warm satmospheric helium compressors will be used for the 2 K helium circuit of
the test stand. In order to fit the elliptical CMs test plan, it needs to be operational by 2017.

5. CONCLUSIONS

The requirements$or the cryogenic supply of the ESS project are preliminarily discussed. Three helium
refrigerators will serve independently the three ESS cryogenic customers: the linac, the target as well as the
instruments and test stand. The first and rough heatdsi@hates give an indication of cooling capacities,

12-14 kW equivalent at 4.5 K for the linac, 20 kW at 16 K for the target, and 50 I/h helium liquefaction for
the instruments and 0.5 kW equivalent at 4.5 K for the test stand. It should be noted ¢hatithieers still

have a big uncertainty at this moment and that more reliable numbers will be given in further detailed
studies. The baseline concept, cooling capacities and the key cryogenic components are described. The first
cryoplant for the instrumentmnd test stand will be commissioned and ready to run in 2017.
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Nikitaev P., Smirnov A., Trubnikov G.

Laboratory of High Energy Physics, Joint Institute for Nuclear Research, Dubna, 141980, Russia
ABSTRACT

NICA is anew accelerator complex being under design and construction at the Joint Institute for Nuclear
Research (JINR) in Dubna. Fdlize prototype dipole and quadrupole magnets have been designed,
manufactured and tested for the booster synchrotron and the ¢dliider. The magnets are based on a cold
window frame iron yoke and a saddieaped superconducting winding made from a hollow NbTi composite
superconducting cable cooled with a forced-ptase helium flow at T = 4.5 K. The maximal operating
magnetic feld in the aperture is 1.8 T. The magnetic field ramp rate of 1.2 T/s should be achievable. The
guench history, AC losses as a function of the magnetic field ramp rate and pressure drop in the cooling
channels of the magnets at different pulsed operatmiemare presented.

1. INTRODUCTION

The NICA/MPD projeci{1] started athe Joint Institute for Nuclear Resear€HNR) in Dubna in2007. The
goal ofthe project isto carry out experimental studie$ the hot and dense strongly interacting quantum
chromodynanics matter antight polarized ionsThe NICA accelerator complex will consistt@fo injector
chains, a new 600MeV/u superconducting booster synchrdtreexisting superconductingysmchrotroni
Nuclotron [2] and the new superconducting collider cetisg of two rings each of about 503 m in
circumference

2. DESIGN AND MANUFACTURING OF THE PROTOTYPE MAGNETS

The Nuclotrontype design[3-5] based on aold iron yoke and a saddkhaped superconducting (SC)
winding has beenhosen for the diosterand the ctider magnet. The magnet includes a cold (4.5K) window
frame iron yoke and a SC winding made of a helldbTi composite S@able cooled with a twphase
helium flow. Lorertz forcesin the windingare supported by the yok&he viewof the Nuclotron typeSC
cableis shownin Fig. 1. The main characteristics of the cdblethe NICA magnetare given in Table 1.

Figure 1.View of the Nuclotron cable:-Toppernickel tube, 2 superconducting wire, 3nichrome strand,
5 - Kapton tape, 6 glassfiber tap.
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Tablel. Main characteristicef thecable for theNICA booster and collider magnets.

Characteristic Booster Collider
Cooling channel diametemm 3 3
Number of strands 18 16
Transposition lay of strands, mm 50 50
SC strand diameter, mm 0.78 0.9
Superconductor 50% Nbi 50% Ti
Cu/SC ratio 1.26/1 1.33/1
Diameter of SC filament€) m 7 8
Twist pitch of filaments, mm 7 9
Ni-Cr wire diameter, mm 02 03
Ni-Cr wire binding pitch, mm 0.4 0.6
Cable outer diameter with insulation, mm 6.6 7.0
Operating current at 1.8 and 4.65 K, kA 9.69 104
Critical current at 2.5 T and 4.7, KA 14.2 16.8

A crosssection view of the booster quadmple and dipole magnet is shown in Figs. 2 and 3,
correspondingly.The maincharacteristicof the NICA booser and collider magnetare summarized in

Table2.
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Figure 2.Crosssection view of thguadryole magnetith hyperbolicpolesfor the NICA kooster.

A full-scale curved miel dipole magnet for the NICAdoster was manufactured at the Laboratory @fhHi
Energy Physics (LHEP) JINR in Aprd011 The use of the curvesinglelayer windingdipoles instead of

the straidpt two-layer windingonesmakes it possible to reduce the horizontal size of the m@agnful
aperture leading to $8 AC lossesThe ma@net is 2.2 m long and has a radius of the curvature of about 14 m.
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Figure 3.Crosssection view of the bemtipole magnetor the NICA tooster.

Table 2. Maircharacteristicef the NICA booster and collider magnets.

Characteristic Booster Collider
Dipole Lens Dipole Lens

Number of magnets in the ring 40 48 80 86 (+12*)
Maximum magnetic induction, T 18 1,8 -
(field gradient), T/m 20,2 - 23
Minimum magnetic induction, T 0,11 0,57 -
(field gradient), T/m 1,2 - 7,2
Effective magnetic length, m 2,2 0,55 1,94 0,46
Ramp raté®/y, T/s 1,2 - 00,5

ST/ ( mLs) 135 -
Fielderrorre B/ B )at(Re30&m G 060" 020"
Beam pipe aperture (horizontal/vertica)m/mm 128/64 130/64 | 120/70 120/70
Pole radiusmm - 475 - 475
Bending angle, deg 9 - 4,5 -
Radius of curvature, m 14.01 - - -
Yoke width,m 0,31 0,226 0,304 0,258
Yoke height, m 0,228 0,226 0,554 0,548
Distance between the beams, m - - 0,32
Overall weight , kg 850 110 1000 | 300
Current at maximum field (field gradien®A 9,68 10,4
Number of turns in the winding 10 8 10 8
Inductance O H 630 96 450 94
Vacuum shell outer diameter , mm 570 812
Dynamic feat releases, W 8,4 0,84 - -
Staticheatleak W 4.4 40 8,0 5,0
Helium pressure drop in the cooling chankBa O 27 O 27
Maximal temperature of helium in the winding, K 4,65 4,65

*

- the final focus lens
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Thefirst NICA boostermagnetin the cryostais shown in Fig4 (left).

Figure 4 The NICA boostemagnes: Installation of the cryostat with thrdipde magnet on the bench for the
cryogenic tesfleft) and quadrupole lens before mounting in the cryostat (right).

A full-scale model quadrupole magnet for the NIG#oster was manufactured at the LHEBPDecember
2011 Thefirst quadrupolenagnetefore nstallation in the cryostés shown in Fig 4 (right).
The Nuclotrontype designwas chosen for the NICAotlider. Two identicalsinglelayer windingsare
located in the common straiginbn yokeone over the othgsee Fig. 5)Lorertz forces in the widings are
supported by the yokd&he yoke consists of three parts made of laminated electrical steel afiéndneld
together by longitudinal steel plates welded with laminations and frontal shketsiagnets are cooled with
a twophase helium flow whicin series passes frothe supply header through the cooling channels of the
bus bars, lower and upper windings, iron yoke and then enters the return header. Each twin bore dipole or
guadrupole magnet is connected in parallel to the supply and return heladers.
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Figure 5.Crosssection view of théwin apertue dipole (left) and quadrupole (righthagnes for the NICA
collider.
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A twin apertwe model dipole magnebf the NICA collider (see Fig. 6 lgftivas manufactured atHEP
JINR in August 2011Completion ofmanufactuing of the model collider twirbore quadrupole lens with
hyperbolic poless scheduled foMay i June 2012The iron yoke of the model quagmie magnetdr the
NICA collider is shownin Fig. 6 (righ}.

Figure 6 The firstNICA collider twin-boredipole magnef(left) and yoke of the quadrupole lens (right).
3. FIRST NICA MAGNETS TEST RESULT S

A cryogenic test of the firdipole magnefor the NICA boostersynchrotron was carried out May 2011.
The first quenctoccurred at 7705 Asee Fig. 4)After the 13" quenchthe current reacts thenominal value
of 9690 A. This corresponds to the magnetic field induction in the gap of 1.8 T. Further traisiatpp@ed
because of the power supply limitation.
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Figure 7. Quench history (left) and AC losses as a function of the magnetic field ramp rate in the aperture
during theoperation inthetriangular cyclgright) for the NICA dipole magnet.

The measured static (at zero current) heat flow to tagnet was 5.8 WAC losses 612 W were meased
by means othe calorimetric method while the magnet was operatiriggtriangular cycle witha magnetic
field ramp rateof 1.2 T/s withouta pause. This value agrees well with the calcutagmd confirmsthe
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correct choiceof steel for the magnet yok&C losses as a function of the magnetic field ramp rate are
shown in Fig. 7The pressure drop of theelium flow in the coolingchannelof the magnewas47 kPa during

the operation in the indicated modiéydraulic resistance of the cooling channel was 2 times hiplaarthe
calculated value due to the fact tktfa¢ cooling channel of the cableasa diameter of 2.6 mm insteauf the
designedne equal t@ mm.The new winding othe cable with a coolinghannel of 3 mnin diametewas
fabricated ad installed in the yoke of the magnet in spr2@3.2.Cryogenic testsf the magnet with the new
winding are scheduledf May 2012.

Experimental studies of the booster quadrupole magnet were cautiéd sprirg 2012 after upgrading the
power supply orthe test benchl'he current reached the nominal value of 9698ftar the 4th quench.The
measured static (at zero current) heat flow toghadrupolemagnet wa8.3 W. AC losses o#t.4 W were
measured bysingthe calorimetric rathod while the magnet was operatinghe triangular cycle with the
following parameters: amplitudef the magnetic fieldgradient of 20.3 T/m, and ramp rate of 20.3 ( mA's )
without a pauseThe pressure drop of the twahasehelium flow in the coolingchannelof the lensevas7 kPa
during the operation in the indicated moé&& losses as function of theramp rateof the magnetic field
gradientare shown in Fig. .8
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Fugure 8.Quench history (left) and AC losses afinction of the magnetic fieldgradientramp rate in the
aperture (right) for the NICA quadpole magnet

4. CONCLUSIONS

Thefull-scale Nuclotrontype superconductingnodel dipole and quadrupole magnets for the NI@adier
and collider werananufactured at LHEP JINFFirst dipole and quadrupole magnets for the NI@adier
havesuccessfully passed the cryogetest on the benchThe nominal curnet of 9.7 kA was reached after
short training. The magretveresuccessfully teted in the pulsed mode withnaagnetic feld ramp rate of
up to 4T/s. Further experimental studies of th@ostermagnetwith new windingare scheduled for the end
of May 2012. Tests of the model magnet and lense for the caliidescheduled for summer and autumn of
this year.
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ABSTRACT

The dynamic losses in fast ramped super ferric magnets will create the main part of the expected heat losses
in the superconducting synchrotr@hS100i the primary accelerator in the Facility for Antiproton and lon
Research (FAIR). Two full size dipole models have been tested at the cryogenic magnet test facility at GSI
and a third one at JINR Dubna. The heat losses were measured to vemiggihet design. Dynamic losses

were measured for different operation cycles. VI and calorimetrical methods for loss measurements are
presented next to the obtained results together with a parametric the model of thesa€.

1. INTRODUCTION

The SIS100 synciotron, the core component of the international Facility for Antiproton and lon Research,
will provide proton and ion beams with high currents. The high repetition rate of the synchrotron of up to

1 Hz requires the rapidigycling dipole magnets with themp rates of 4 T/s. The ramp rate and the duty
cycle of the synchrotron are mainly limited by the dynamic heat losses in the magnets: hysteresis and the
eddy current losses in the iron yoke, superconducting coil and the beam vacuum chamber. The starting po
of the magnet design was the magnets used in the Nuclotron ring in JINR in Dubna [1]. During an intensive
R&D phase the AC losses were considerably reduced in comparison to the original Nuclotron magnets [2].
The losses were experimentally measuredsbort models in Dubna and in GSI. Finally three-$idle
model s were buil'@t at BNG W¢rzbur g, JI NR Dubna anc
different electrical steel grades. Two of thérthe straight dipole S2LD and the curved dipold_B2vere

tested at the prototype test facility at GSI]J3 The main parameters of both tested dipoles are summarized

in the Table4. This paper describes the applied methods for loss measurdmbetd/-| methodand the
calorimetric one. The obtained results for both dipoles are also presented besides the parametric model for
the AC losses.

Table4. Main parameters of thdipolestested at the Prototype Test Facility at GSI.

S2LD C2LD
Manufacturer BNG/ W¢ r | BINP/Novosibirsk
Maximal field, T 2.1 1.9
Effective length, m 2.756 3.062
Nominal current, kA 7.5 6.4
Ramp rate, T/s 4 4
Bending angl 3.33 3.33
Bending radius 47.368 52.632
Steel grade M700 3413

The third magnetvastested on théenchin Dubna.This magnehasthe same desigwith theBNG magnet
but was assemblddom Russiarsteel grade8413ET with sheets thickness &5 mm instead German steel
grade M700with sheets thickness afmm.
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2. V-IMETHOD

The AC losse in the magnet can be measured by integration of the instantaneous electrical power over the
whole cycle. To obtain the instantaneous power the magnet current and the voltage drop on the magnet are
simultaneously sampled by two high accuracy digital mdters HP 3458A. The voltage is measured by

two voltage tabs on the magnet coil, for the current measurements-&ldet©urrent Transformer (DCCT)

is used. Both DMM are synchronisédthe output trigger signal of the first DMM is used to trigger the
secad one. The integration time of the both multimeters was set to one power line cycle (20 ms), with
results a sampling rate of roughly 50 Hz. The energy loss in the magnet is calculated as:

N
E=4 VI Dt
i=1
with the sum of the instantaneous powerrdhe whole magnet cycle arid the sampling interval.

3. CALORIMETRIC METHOD

The total losses in the magnet can be measured by calorimetric method. Thiesigeragnets for the
SIS100 synchrotron are cooled by two phase helium flow. Fdlium in the supply header is a liquid at the
temperature below the saturation line by-0.2K. When the liquid flows through the magnet coil its
temperature increases until the tploase region is reached. Further heat load in the coil and in tiee yok
increases the vapour qualky while the temperature drops with the pressure.

The heat losses can be calculated from the enthalpy difference of helium on the outlet and inlet of the

magnet:

Q = r#iCQiout - iin
with i the enthalpy of helium andfthe mass flow. The measurements were done for the magnet cycles
where the generated losses were high enough to reach the vapourxgadligt the yoke output. In this

case the halm enthalpy can be calculated as the function of two directly measured véteeemperature
and the pressure. Since the helium passes the phase separator before it enters the magnet, we assume the pu

liquid on the coil input and calculate the enfyal., from the saturation line for a measured presgyrand

the vapour qualitx =0. The mass flow rate has been measured by calorimetric sensor installed on the
magnet outlet.
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4. TEST RESULTS

Each of tle both fultsize dipole prototypes S2LD and C2LD were tested within several cold runs. The first
runs were performed without beam vacuum chamber because of magnetic field measurements in the whole
magnet aperture. The AC losses were measured by both rmmethatbrimetric and VI. The magnet was

ramped with continuous triangular cycles with different ramp itegiB/ dtas well as for different
maximum fieldB, ... Since the cooling power for both dipoles is limited by the hyldraesistance of the

superconducting coil to about 35 W, delays was added to the cycles with high ramp rates and high maximal
field to keep the generated losses below this limit. As an example the AC loss data for the C2LD dipole
without beam vacuum chdrar are shown on the Fig. 1. The data obtained by both methods are consistent
within errors. On the Fig. 1 only the statistic errors of the VI data are shown, the systematic errors for these
data are valued at about 10%, whereby the main error soureeasdtracy of the DCCT transformer. The
biggest error source of the calorimetric method was the slow deviations of the pressure and of the mass flow
in the experimental set up. The errors of these measurements are valued #%6udfihe measured power

with a bigger error for the smaller power.
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Figure 1. AC loss measurements on the C2LD dipole without beam vacuum chérnamgies denote the
calorimetric data. Circles with error bars are the data obtained by metibd.

5. PARAMETRIC MODEL

The measum values for the energy losses per c¥clespectively the averaged pow@rz E/ t..were
used to calculate the equivalent power for the pure triangular cycle:

S

R =P [W] 1)
tL

t, is defined asZBmaxlﬁand is the length of a nominal triangular cycle without delays and with sharp
edges. Since the edges in the real cycles are smoothed to assure the operation of the power conerter unit
measured cycle length, . is slightly higher than the sum ¢f and the introduced del&y. The errorsDP

were scaled by the same factgy, /t, . Then the powelossesR,_were fitted by function
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I:)L :qh(Bmax)d -'-qe(Bmax)(.j2 (2)
with f =1/t the repetition rate of the triangular cycle. The fitting curves are also strowiy.2. The

linear term in (2) can be interpreted as a hysteresis loss contribution of both the magnet coil and yoke. This
term has the same value within errors for both dipoles (see Fig. 2). Also the beam vacuum chamber made of

nonmagnet i c tednehate tod aeexpeded. The functiay, (B, ) can be described with
sufficient accuracy with the function:

gy = h @B, (3)
The second term in (2) can be evaluated for both dipoles and for their beam vacuum chambers. While the
losses in both dipoles are similar (see Fig.3)Jdhses in the vacuum chambers differs clearly (Fig.4). The

higher losses in the vacuum chamber of the S2LD dipole are caused by cooling tubes [9]. The quadratic term
in (2) can be fitted with the function

q. =e@B, (4)
The fit curves are shown on Figs43nd the parametelsand eare summarised in the table 2.
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Figure2 Linear term in the fit function (2) for both dipoles with and witheeam vacuum chamber.
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Figure4 Quadratic term for vacuum chambers
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Table5 AC loss model coefficients

h e
S2LD dipole N 4. 8NO
C2LD dipole 12.0NO 4. 2N0
S2LD Vacuum Chamber 0 8. 5N0
C2LD Vacuum Chamber 3.4N0

The AC losse#n the BNG magnegxceed the lossés the JINRmagnet no morthan 7%even for
the mosintensecycleof triangular shapwith amplitude of2 T, ramp rate 4 T/s aralfrequency of
1 Hz This result allows udghe steel 3413 ETto replace onthe steelM700 andreduce to
approximately 2 times theost of manufacturinthe yoke ofSIS100magnets

6. CONCLUSIONS

Two full-size magnets for SIS100 were tested on the Prototype TabtyFatcGSI. The AC losses of the
magnets as well as of their beam vacuum chambers were measured using two differentiméthadsl

the calorimetric one. While the losses in the both magnets are comparable, the losses in the vacuum
chambers differ claly. As expected, the losses in the vacuum chamber of the C2LD dipoles are smaller due
to electrically insulated cooling tubes. The losses in the triangular cycle could be parameterised by a model
with two parameters and two variableshe maximal field B, and the cycle repetition raté.is shown

experimentallythat the AC losses ithe yoke made ofsteel gradeM700 almost equalosses in thegoke,
madefrom steel 3413 ETThis fact allows us tdalvethe number of laminatiorend the cost athe SIS100
magnet yoke

7. REFERENCES

[1] Khodzhibagiyan Hand Smirnov A.1988 The concept of superconducting magnet system for the
Nuclotron, Proc.of the 12" Int. Cryogen. EngConf ICEC12 pp. 841844,

[2] Kovalenko A. et al. 2006New results on minimizing AC power loss in a fast cycling 2T superferric
dipole with a cold yokd EEE Trans. Appl. Supercondiol. 16, no. 2, pp. 33841

[3] Staffiniak A. et al. 2008, Cold Testing of Rapidlycling Superconducting Model Magnets for SIS100
and SIS300 Methods and Result$Vorkshop on Accelerator Magnet, Superconductor, Design and
Optimization,CERN.

[4] FischerE. et al. 2009, Fast rampedperferric prototype magnets of the FAIR projédirst test results
and design updatéEEE Trans. Appl. Supercondol. 19, no. 3

[5] FischerE. et al. 2010, Superconducting SIS100 Prototype Magné&tst Results and Final Design
IssuesJEEE Trans. Apl. Supercondvol. 20, no. 3, pp. 21321.

[6] FischerE. et al. 2010, Thermodynamic properties of fast ramped superconducting accelerator magnets for
the FAIR projectAlP Conference Proceedingsol. 1218 Issue 1, p. 989.

[7] FischerE. et al. 2010First test of a fast ramped superconducting curved dipole for FAit. of the
Int. Cryog. Eng. Conf. ICEC2®p. 10711075.

[8] FischerE. et al. 2011Design and test status of the fast ramped superconducting SIS100 dipole magnet
for FAIR, IEEE TransAppl. Supercondyvol. 21, no. 3, pp. 1842348.

[9] Fischer E. et al. 2010, Impact of the beam pipe design on the operation parameters of the superconducting
magnets for the SIS100 synchrotron of the FAIR projked®hys.: Conf. Sen/ol.234 Part 3

64



The 13" CRYOGENICS 2012 Dresden, Germany

026

The Cryogenic System of the 43 T HybridM agnet of LNCMI Grenoble, France

Ronayette L., Barbier R.", Bredy Ph.”, Fazilleau Ph”’, Gr andcl, ®ment C,
Hervieu B. , Juster FP. , Pfister R., PugnatP.

"Laboratoire National des Champ-8IJFMa8AQUPRt i ques |
Grenoble, France.
“Commi ssar i atomigue ét auk Bnergigs AlEernatives, Institut de Recherche sur les lois
Fondamentales de I'Univers, Saclay,-&if-Yvette, France

ABSTRACT

A CEA-CNRS French collaboration is currentligveloping a new hybrid magnethi$ magnet combines a
resistive insdar composed of Bitter and polyhelix cqilsnd a large bore supercondagtcoil (subsequently
named "outsert" due to its outermost locatida)create an overall continuooggnetic field of 43 in a 34
mm warm bore aperture. Thesuperconducting coil, dsed on the novel development of a-NKCu
Rutherford CabléOn Conduit Conductor (RCOCC) cooled down to 1.8 K by a bath of supehnfiliigm at
atmospheric pressuraimsat produdéng a continuous magnetic fietof 8.5 T in a 1.1 m cold bore diameter.
Thecryogenic requirements will be presented togethithr design principles and parameters.

1. INTRODUCTION

Hybrid magnetsj.e. the combination of a resistive inner coil with a superconducting outer adiosv
generatingthe highest continuous magnetic fidlok a given electrical poweiThe present statef-the-art
hybrid magnet systerwas built by the NHMFL in Tallahassee, Florida, and has producedittes$t DC
magnetic field of 45.1 in a 32 mm warm bore diameter [1]. Several hybrid magnetgrater consuction

all over the world [2], [3]The Grenoble project aims at reaching 43 T in a 34 mm warm bore diafketer.
general overview of the Grenobleroject can be found in [4]the final design of the large bore
superconducting coil based on fband supédtuid He technologies is reported in [Fhis articlefocuses

on thecryogenic systerof theproject the design and control aspects.

2. HYBRID MAGNET

The resistive insert is constitutefl a set of 14polyhelix coils surrounded by a set of twRitter coils. Both
magnets types have already been fully described in [6].

The 8.5 T superconducting outsert caiesignof the new LNCMI hybridnagnethas been described [i#]-
[5], andthe most important choices that have been made can be summarized as follows:

- High current to reductihe inductance of the coil atiderefore the voltage levels during quenches,

- Cu stabilized NHBT'i Rutherford cable directly cooled laystatic pressurized bathsfperfluidHe at 1.8 K,
- Modular coil made 087 double pancakesaeh of them beingmpregnated separately under vacuum

Table 1. Main parameters of the superconducting outsert coil

Parameters Values

Inner / outer diameter 1150/ 1826 mm
Height 1400 mm

Coil weight 16.3 tons
Nominal current (@ 8.5T) 7100 A
Currentdensity in the conductor| 30 A/mnf
Inductance 3H

Stored Energy 76 MJ
Operating temperature 1.8K
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The existing infrastructure&eoming from a previous project Ff8], hasdeterminedhe maximum dimensions
of the present superconducting coil. These digiens are listed in dble 1 togetherwith the main
parametersf the superconducting magnet

This new superconductingnagnet isbased on arnnnovative conductor development [4]. Wb-Ti/Cu
Rutherford cable ofectangular cross sectiowi t h a 118ss el cads adldered on a GAg
stabilizer toform the secalled RCOCC:Rutherford Cable On Conduit Conducisiigure 1). The studies
and the developments of tRECOCCand its full technical specificatiomsereportedn [9].

To ensure the inteah cooling at 1.8 K of the fullympregnated coil winding, the stabilizer of each double
pancake is eqgpped with a cooling channel & mm diameter with both ends open to the static bath of
pressurized superfluid He.

R:IS:II i 12,06 .08

_I:I:IﬂEA RO ,5 .0

T B2 0,08

T
N _
V207

Figure 1. Crosssection ofRCOCC,Rutherford Cabl-e dn Conduit Conductdimensionsn mm).
3. CRYOGENIC SYSTEM

In order to safely drivéhe cryofluids in the magnet environment, all the valves have begsferredrom

the cryostat to geparateryogenic satellitdocatedin a limited magneticstrayfield area. The cryostamnly
includes the burst disks as an ultimate security in case of vacuum failure. The main difficulties in the design
of this cryosta are the cold mass weighidble 2), and the very higilmagneticforces applied to # cold
elements in case of loss of dffrasistive coil in the centdthe forces are sufficient to cause an unexpected
levitation ofthe 24 tons cold mass @ 1.8 Khe most critical part ahe design ofhe cryostatoncerns the
support structure othe eddy-current shield. This part ha®rrespondingcoss in terns of energy. In the
present statef studies, theaddy-current shield sustentatioevicesand the cryogenic line between the
satellite and the costat are the last unknown features to solve

The present estimation of thermal charges for the whole system (cryostat, cryogenic satellite, cryogenic line)
at four levels of temperature (1.8 K, 4.2 K, 30 K and 80 K) gives an equivalent cooling power of 87 I/h LHe
@ 4.5 K when the magnet is not egieed and 115 I/h LHe @ 4.5 K when the magnet is energized at its
nominal operating conditions (7100 A, 8.5 T). Since tiidyeurrent shield sustentations and the cryogenic

line remain to be designed, this equivalent cooling power cannot be considéireal salue. Nevertheless,

at this step, one can assume that the operation of the magnet will require a dedicated helium liquefier of a
production rate > 120 I/h LHe @ 4.5 K.

Based on a Claudet Bath principled[,Llthe cryogenic satellite is a standarddebinitially developedor

SEHT coil at Saclay [, also used for ISEULT ], and adapted fahe LNCMI Hybrid magnet.

The great difference with the original desigom SEHT isthat thissatellite has an empty cold voluraege
enough to store all thieelium contained in the magnet cryostat (and not only the channel volume), which
eventually can be expelled in case of queiittis significantly reducethe pressure rise in case of quench.
Moreover, the resultant drying out (at least partial) of this @ihances normal zone propagation velocities
and, as a consequence, reducesmiaimal and average temperatures of the magnet after a quench.
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Table 2. Magnetamponents list and mass

Description Mass (kg)
Total mass @ 1.8 K 24 060
- Superconducting coil 16 300
- Heliumvessel 5380
- Mechanical structure 2 380
Total mass @ 30 K 2900
- Eddy-current shield 2280
- Thermal screens 620
Total mass @ 80 K 710
- Thermal screens 710
Total mass @ 300 K 25 050
- Outer vacuum chamber 1750
- 14 polyhelix coils 700
- 2 Bitter coils 2 600
- Water boxes 5900
- Mechanical structure 14 100

The main difficulty of thisstrategy at 1.8 K is to usefastquench alve between th&.8 K pressurized bath
and the expansion volume (for security reas@riastquenchvalves will be used This principle has already
been realizeduccessfully in 200@or the LHC SSS5 tests at the Saclay test facil[i&$ andin 2005for
CLAS-DVCS[14].

The 1.8 K mass will be cooled by an external heat excharidas implies a longer time for the initiaool
down but avoids having big transient flows directly in contact with the colLN&/He exchangermwill be
usedfor the beginning of the coalown and, eventually, to maintain the cold mas80 K duringlong
standbys.

The estimatedime to cool down th&4 tonscold massrom ambient temperature to 1.8 K58 days with
LN, andLHe (95 dayswith only LHe).

The satellite also containsthe resistive current leadShe connections to the superconducting buslzaies
locatedin the 4.2 K normal boiling LHe bath before joining tpeessurizedl..8 K bath hroughthe lambda

plate. The cryogenic line contaithe supercoaducting busbar® power the magnet.

When the magnet is energized to its nominal conditions (7100 A, 8.5 T), an estimated power of 7.7 W is
transmitted to the 1.8 K pressurized superfluid helium bath in contact with the superconducting coil. This
power B transported from the cryostat to the cryogenic satellite via the pressurized superfluid helium bath of
the cryogenic line. This heat transfer mechanism is driven by the Gbetink regime.

On the basis of a presigned 7 meter long (not a definitivalue) cryogenic line, and using He properties
from Hepak V3.4 [15], one can estimate a minimal inner diameter for a given transported power and a
maximal thermal gradient between the cryostat and the satellite. For example: for 7.7DN an®@ 0. 01 K
(1.81 K on the coil side, 1.80 K on the satellite side) the mininmguivalent hydraulic diameter of the
cryogenic line is 62 mm. With the line length and the satellite bath temperature being fixed, there exists an
upper flux limit or critical flux g correspading to a T.= 2.17 K (superfluid helium transition) given by eq

(2).

q. 3 L2 16000 Wm 2m>**at T, _, =1.8K andP,,, =1bar 1)

For an equivalent hydraulic diameter of 62 mm diameter, this leads to a maximal transported power of 25 W.
Of course, increasing the diameter signifita improves the line transport properties and provides a
comfortable margin against errors on evaluated thermal loads. For instance, for a 100 mm equivalent
hydraulic diameter, 7 meter long cryogenic line, the maximal transported power increases@b W to
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4. CRYOGENICS OPERATION: MCS (MAGNET CONTROL SYSTEM)

The aim of the Magnet Control System (MCS) is to control and monitor the crysgattithe power supply
of the superconducting magnet.

The safe operation of the superconducting magnet is deatrby a dedicated hardware named MSS
(Magnet Safety System) [16]. The operation of the resistive coils is done via the LNCMI standard MCMS
(Magnet Control and Monitoring System) [17].

The MCS (Figure 3)s madeof standard industrial prodwector automdion and iscomposed of a low level
part for managing the process efficiently and a high level Human Machine Interface (HMI) for monitoring

the parameters.
CRYOGENIC
@

From
any state

Figure 3. MCS simplified state diagram

The first task of the MC$ torealize the vacuurpumping for thermal insulatiorlhere are two dedicated
vacuumunits one for the cryostat arahefor the satellite and theryogenic line

The secondask of the MCS is to cool down the superconducting madgres operationis realzed in 3
different stepsfrom ambient temperature 80 K with the use of LM from an external 1000 litres tank,
from 80 K to 4.2 K with LHe produced by the liquefier and stored in the 4500 litres Dewlafinally,
down to 1.8 K with the productiorf the superfluidpressurizedheliumbath with the help of the 1.8 K pump.

The third task is to maintain the temperatof¢he coil bath at 1.8 iduring the operationf the magnet.

The MCShasto control T regulation loops and to check ab@®Xanala sensors

Time constants of theegulation loops are quite slow (@w ten minutes can separate the reaction from the
command. But, if a quench oaars the helium idransferred to the inner cold volume of the satellitethe
guench valvesnlthis ase, the MCS Isdo deal withanemergency procedure.

On the hardware sid@-igure 4) the automation of the cryogenic part is based on a Programmable Logic

Controller (PLC) Siemens SA400. This PLC is dispatched on several modules depending on thedtioal
of the sensors and actuators.
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Figure 4. Hardware architecture of the MCS
This kind ofarchitecture reduces wiring anffers a better efficiency of the analog measurement.

The program of the PLC is developed using Siemens S7Graph which #ilewser to realize prograsn

usingsequential control graphidhe entire prograris developed with this language to avoid probdaine
to a bad software specification.

For the temperature measurement, we us eaturTrah@d@=0 or
and the localizatioof the sensoFor t he data acqui sition of the Cern
234 transmitter in rack format just before the PLC.

The HMI level is developed using a System Control and Data Acquisition (SCADA) aseftealled
Cimplicity from the company €neral Electric. This software allowsthe user to easily develo@n
informatics monitoring system using client/server architecture. It communicates with industrial devices using
a standard OPC client layer and, ibyides the possibility to use .NET script either at client or at server
level. The SCADA software allows user to create compoffeigure 5) For each sensor or actuator we
develop a generic model describing all the parameters and all the actions needed.

70



The 12" CRYOGENICS 2012 Dresden, Germany

Résery de récupdration hélius

Ligutlaomw - "
pencip —Q 3

R e AR R R R R AR AR W = =
\ b : s e -

v

o]
P e
2 ) ‘1
-..n:... .1 )\ e Réservore LHe

=00 |
Tnckrwm g aru 4200 Itirwn
crpoust

-
"
"
"%
s
»
"
ol
"
»
¢

,
BT

|e2e

Figure 5.Screen shot of the HMI general view (prototype)

5. CONCLUSIONS

A CEA-CNRS French collaboration is developing a challenging Hybrid magnet, combining resistive and
superconducting technologies, to produce a continuous magnetic field of 43 T4imman3wvarm bore
aperture.

The 24 tons cold mass will be cooled down to and maintained at ky8alstaticsuperfluid heliunbathat
atmospheric pressur®ue to the magnetic stray field and the limiting existing infrastructure, the superfluid
LHe bath wil be generated in a separated cryogenic satellite heat transfer between the helium vessel,
containing the superconducting coil, and the cryogenic satellite will be made via the superfluid pressurized
helium contained in the cryogenic line. The desighthe helium vessel and the cryogenic satellite are close

to the final ones. The cryogenic line and ¢aegly-current shield sustentation deviecesain to be defined.

The detailed studies should be finalized by the end of 2012, and the productiendifférent elements

should start in mi2013. A dedicated helium liquefier will also be purchased and installed in the LNCMI
Hybrid experimental hall. The global assembly of the Hybrid magnet is scheduled to star2iddahidAfter

cool down and validatin t ests, the delivery date of the Hybri
the earliest by the end of 2015.
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" Nexans SuperConductors GmbEhemiepark Knapsack, 0 3 5 1 , Gegnarty h
” Nexans Deutschland GmbHKabelkamp 2030179 HannoverGermany

ABSTRACT

The application of high temperature superconductors (HTS) in power engineering rbqthrefficient and

reliable cooling.Several superconducting cables and fautrent limiters have been designed and installed

by Nexans and were already thoroughly field tesf@ependent on the cooling power, temperature and
pressure conditions, various stidis were realised and have resulted in different experiences during the
field tests.Each system shows specific advantages and drawbacks, and in some cases improvements had
been established even after commissioning or during the test p&hedoperatig behaviour was not
satisfying in all cases since high effort would be needed to ensure continuous operation and higher
efficiency. A main reason is seen in the fact that the typical cooling demaindaigange ofa few kW,

adomain where largeeries colers arenot available to date.

1. INTRODUCTION

HTS systems havbeendevelopedfor various applicationsnd have proven reliabilityin numerous test
installations Once tested and operational, the reliability is usually defined by the cooling siBstéarent

field tess and pilotinstallationsalso for commercial applications have bessalised forHTS cables and
fault-current limiters FCL). The cooling demand is usually between 30@nd 2kW for FCL and between

2 kW and 20kW for cablesIn future, longe length cables might requimaore powerfulcooling systems.

For NexansHTS cables and fautturrentlimiters, cooling systems have been designed as open or closed
systemsSystems using cooling from bulk liquid supply are referred to as open sy3temesach operation
temperatures below #® in such systemsvacuum pumps are needed to reduce the nitrogen gas pressure
above the liquid bath.

2. REPRESENTATIVE SYSTEM DESIGN

A cooling system for HTS power applications consists of diffecemiponents, sefigure 1. Most of the
systems require forced flow of theoolant performed by a circulation pumgklectrical insulation
requirements and height differences obviafghase flow systems and saboled cryogens are mostly used.
Pressure

! . Built-up

Circulation
Pump

HTS
Cable

Figure1l: Sketch of ooling system for HTS power applications
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Therefore, a pressure regulation system inside the closed cooling git@iiteapplied. The heat input to
the circulaion system is reooled in a heat exchangd@rhe primary side of the heat dxanger is either
cooled by a cryocooler or from bulk liquid suppWacuum pumps may be applied on the liquid to reduce
the operating temperature to below atmospheric pressure boiling point.

3. GENERAL REQUIREMENTS

The cooling demand of HTS systems is infloed by different factors likeystemsize and intrinsic losses.

In many cases, the current leads are a significant part of the overall losses, since for each curreritAead and
of operating current about 4650W losses arise between room temperature &quid nitrogen
temperatureFor a typical 4MVA system at 1V, this is in total almost 70@/ lossesfrom the current

leads only.There are heat losses due to radiation and conduction in the cryostats, cables and transfer lines.
The HTS material hasirinsic heat input due to AC losses like hysteresis and eddy current lossase a

cryogen circulation system is needed, this system causes friction and pressure riskn ltgagghe typical
requirenents for FCL and cable cooling systems araraarizedn tablel. The cooling systems do not only

have to enable normal operation, but alsedto be safe and efficient @l operating modes like coolown

and warmup as well as during any failure mode.

Table 1 Cooling system parameters for HTSLF@nd cable systems.

Parameter FCL Cable
Cooling power 0.5.. 2. kw
3 30
Supply 65 ... 65 ... K
temperature 77 70
Mass flow T 0.3.. kg/s
5
Supply pressure 1.. ~15 bar
20
Pressure drop T 5.. bar
10
Load conditions 20 ...100 %
Ambient -40 ... +50 AC
termperature

In the rang between a few W up to 600 a larger variety of cryocoolers using pulse tube or GM cold heads
are availableSuch cryocoolers have been produced in large series for e.g. shield cooling applications in
clinical magnat resonance imaging systen@ooling devicesusing efficient turbo expanders are mostly
seen in large cooling or refrigeration systems like air separation and liquefaction systems having cooling
powers well above 10kW at 77K. Smaller turbeexpander cders have only beenrpduced for niche
applications at relatively high codf] due to their high complexityn the range between 0&10kW only a

few coolingsystemdike Stirling machinesre commercially available.

In FCL one intendedperation codition is the limitation, where large energynounts ar@eposited iside
the FCL cryostatThis leads to an immediapeessure riseand can either be handled byeddief valve and
subsequent refill, or the pressure rise is accepted and the cryogended afterwards

In addition to the purely technical requirements there are further needs:

A Availability: A planned ugime of 100% shall be possibl&herefore, a modular concept regarding
reliability and maintenance operations has to be iraratpd.Any control system used on the cooler
shouldapplyindustry standard components.

A Low operationatost The operatioal costs are influenced by the cost fetectrical power,
maintenanceand additional needs like cryogens and other media.
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A High efficiency. A high coefficient of performanceQOP = heatremoved work consumed in W/W)
reduces both the electrical power consumption and the cost-émoli@g which is usually achieved
by chillers with watetto-air heat exchangers.

A Low maintenanceldeally maintenancshouldnot disturb the operation of the cooling systéfhe
maintenance intervals shall be large and the system design shouldthexlnetenance effort.

A Low investmentost Today, the investment cedbr cooling systems in the 0.5 #kW rangearein
the order of 50 to 100 U / k W a n daretamaim aodt drivedor HTS systemsFor a broader
applicdion of such systems, the cost should dropt& 20/ KW or bel ow.

A Modulardesign A modular design is necessary to enable operation like it is standard tineepgwe
grid with (n-1)-criteria for redundancy.

A Longlife time: Power system operators are used to life times of d@rame years for their assets like
transformersFuture ooling systemsvill have to be designed accordingly.

4. OPERATIONAL EXPERIEN CE

4.1. HTS Fault Current Limiter

References are given in [2],[3The first resistive FCL which was field tested in the medium voltage -distri
bution grid was developed in a fumtproject with the acronym Cutl [4], seefigure 2. The cooling was
realized using Sting cryocoolers andhe superconducting elements were operated &t Gwo Stirling
coolers have been applied with some margin in the cooling power, which however gicovide full
redurdancy under all operating conditiorBuring the initial operabn the coolers experienced nitrogen
freezing at the heat exchanger, and the cooling power dropped dramafiballyroblem was cured laten

by temperture control andntermittent warming wittheaters attached to the heat exchangérs. Stirling
cooer s pr od0OWd@6HK cddling power. At65 K the coolers have about 20%, atk &bout 25%
Carnotefficiency.

Nexans had produced a FCL for operation in a Vattenfall thermal power plafigw®s. The system

operats at 65K using bulk nitrogersupply plus vacuum pumpghree vacuum pumps had been installed in
parallel for redundancy, where two pumps only are sufficient for the heat iFpaittotary claw vacuum

pumps have a nominal pumping speed of &, which reduces to 128%h @ 200mbarand 60m*h @

100mbar inlet pressur@.he claw pumps showed not to be enduring longer durations of pumping at ultimate
pressure, when the inlet valve on the vacuum side is closed and a bypass valve needs to be installed to ensure
mass flow to permanentbool the claws.

Two FCL systems installed in UK usedstige GM coldheads for operation a@round 7K. The cryoe
coolers showedhigh reliakility; howeverthe cooling power is dependent on the cooling water inlet
temperatureThis type of coolers is pragded in large series, is considered reliable, but is limited in cooling
power and showa lower efficiency. The Carnot efficiency is about 12%h&n operating at 80.K

Figurel2: Curl 10 FCL Figurel3: Vattenfall FCL
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4.2. HTS Cable

References are given in [5],[Gfter differentHTS cables produced at test lengths of up to a few ten meters,
the largest cable to date is installed in the grid of LIPA (Long Island Power Authority, New Y tinkgmvi
ampacity of 230@& and operating at 138v.

Figure 14 visualizes the LIPAnstallation onrsite, showing the three phase HTS cable in the front and the
corresponding outdoor terminations in the backgroundFigure 15 the building including the cooling
equipment is shown.

Figurel4: HTS cable installation in the grid of Figure15: Building including the cooling
LIPA. equipment.

Figure 16 shows a sketch of the LIPA cooling systerhe primary refrigeration system is a turbo expander
cooler with a capacity of 5.88N @ 65- 72K, delivering a mass flow of 37&'s of LN,. With 5.1 kW cable
cryostat/ termination losseand 333W refrigeration system lossthere is a 5% margin of about 280

To ensure continuous cooling even during refrigerator failure there is a backup refrigeration system using
bulk nitrogen supply at about 4s providing a cooling power of about &W8&/. The system is supplied fm

a nitrogen tank with about 58° capacity.

South side North side

b, I I

Outlet | Cogling

L]
System
—

Figurel6: Sketch of the LIPA cooling system.

The systemoperationduring about2 yeass is shown inFigure 17. In October 200&n internaltransfer line

had to be replacedach change of the grey dots between upper and lower end of the scale represents a
switching from the primary cooling system to the backup systaitially, there were temperature and
pressure instabilities dimg such switching operations, which couldredued after hardareand software
changes.
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Figurel7: HTS cable cooling system performance

Before design and installation of the HTS cable system an intensive search into retaamtters and
regulations relating to the cooling system had been performed. As soon as the proper cable design was
available a more detailed investigation had been carried out. During the operatingnéityses using
Ishikawa diagramssE-called fishbme diagramk of the LIPA HTS cable trips out of service had been
performed, including the typical categories like materials, methods, measurements, machinery (any
equipment), environment (eg.mbi ent conditions) a aubeanpadfecp lines i nv o
showed dependencie$ diverse parameters of the cooling sys@mlresulted in a better understanding of
processes of the whole cooling system and cable syBtespite of any efforts with the Ishikawa diagrams,

the operating behaviour was nfodly satisfyingin the first month of the operating time, where e.g. the
backup system did not start up for a short time or an-®veperature limit of the compressor was reached

on a hot summer day. Nevertheless, a continuous optimization of the codtegisyas possible by the
analysis and structuring of the processes. As a result, sincet068le has been running for several years
without interruption A comparison of the performance of the HTS cable during the years 2009 and 2010 is
shown in table®. Aside from a slight increase of the cable cryostat losses due to minor losses of vacuum
quality of the cryostat, the cable system was operating like in the oraginditiors whenit wassupplied to
thecustomer

Table 2: Operating performance of tHéS cable.

B 2009 2010

Operating condition Casel Case?2 Case3| Casel Case2 Case3

Load MVA 0 16 82 0 17 87

Current A 0 75 350 0 76 368

Operational voltage kV 138 138 138 138 138 138

Total losses w 3672 4301 4615 3958 4464 4922

Cable cryostat logs W/m 1.3 1.3 1.3 1.35 1.35 1.35
5. CONCLUSIONS

Various cooling systems have been realized for HTS FCL and cable systentgpical cooling demand is

in the gap between cold heads on the one hand which are not powerful enough and show low efficiency and
expensive refrigeration systems on the other hand which are built as complex systems using turbo expanders.
After a HTS system has shown functionality, the availability and reliability of such a system is mostly domi
nated by the availability and reliabifiof the cooling systenResearch and development as well as larger
series productiorare needed to make cryocoolers of 0.5 tok®¥@ cooling power more reliable and eco
nomically attractive.
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Kade A., Kaiser G., Klupsch M., Schneider M, Herzog R, Klier J.

Hauptbereich Kryotechnik und Tieftemperaturphysik, Institut fuer-luurftd Kaeltetechnik,
Dresden, Germany

ABSTRACT

Individual cryostats have been developed for sensor (SQUID) andbdlkSnaterial coolingin particular

for currenttransformer cooling orfnductive superconducting fatdurrent limites (iISFCL). Apart from
mechanical requirements.g. with respect to the pressusguipmentdirective and vacuum lifetime, our
developmentsare basedon computational fluid dynamics (CFD) simulations. Furtherey special
components, e.g. for fluid handlingre presented. An innovative piston pump for cryogenic media, with a
doubleacting electradynamic linear motorof movingmagnettype, was manufactured to work from
ambient temperature down to 4 K with alsdle volume flow in a pressure range up tdab Successful
test results confirm the advantageous performance. Additiowalhgurrent developments are supported by
CFD simulations of complete cooling systems and by measurements of thermodynamitgasychas
thermal conductivity and thermal expansion.

1. INTRODUCTION

In the framework of the globalnergyturnaround forsustainabilityand related changes in distribution of
electricity, hgh-temperaturesuperconductor(HTS) applications are one of éhmost promising future
components. In recent years individual components like fault current limiters and power transmission cables
with corresponding peripheral components have been developed.

With reference to these components, specific HTS materialsetatdd applications need reliable, powerful
and affordable cooling systems like cryocoolers, cryostats, or pumps for liquid crydgeveral
developments requiraon-metallic materials or parts for minimization of eddy curremiedtromagnetic
interacton) in the final construction.

Within a 10kV/15 MVA inductive superconducting fatdurrent limiter project, whichs currently being
developed by Bruker ESTa special nometallic ringcryostat with a warm bore hole is required for an
arrangement of é¢is and HTSL tapefl].

Because fiberglass is a lightweight material with outstanding material properties, the usage ofglasRP (
fiber reinforced plastic materials for example in HVDC (high voltage direct current) electric power
transmission systems #sulators or the application in lemoise magnetic field cryostats is well proved.

As one part of this papecalculationsof mechanical strength for special fiber reinforced plastic (FRP)
pressurevessel cryostats for energy deposition will be preseritadhermore, the leakage rate after final
pressureest procedure is given.

For energetically optimized filling processes of such complex systems, the amount of flash gas
(decompression) has to be minimized. Thereforestom pumpwith an dectrodynamiclinear motorfor

liquid cryogensshould be a good candidatuch a device has been developed and tested successfully at the
ILK.

2. CONCEPT CONSIDERATIONS AND NUMERICAL ANALYSYS

2.1. Cryostatsi mechanical requirements

Using the electrical properties &fTS mateial, the iISFCLsystem shouldlmost instantaneolys protect

power grids against short circuifBhe cooling is to be carried out in a customized, tNostat. The rapid
annihilation of the superconducting state caused by large field changes due tarf@umtscresults in a
massive energy deposition into the Jkeservoir. The corresponding amount of evaporated nitrogen
enhances the system pressure, which corresponds to an increase of boiling temperature. The dynamics of
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such systems is governed by thergy per time deposited in the kL, Nvhich is why designing of cryostats

has to be done according to pressure vessel rules. In partitiaGerman pressure vessel association
published a regulation confoing to the Pressure Equipment Directive 97/23Atbcalled AD2000[2].

Apart from the difficult dimensioning of the wall thicknesses of pressure vessels made of filament winding
material like GRP, we favored a sealing concept based on modified RbBEe(rafluoroethylenewith

openings for the scwes. In the warm state a helium leakage rate smaller thhrlQl'* mbar/ls was
measured.

In contrast to standard pressure vessels without a warm bore in the middle, cryostats for iISFCL need a lead
through for the central iron core (seein Fig. 1). Unlke common cryostats, the -salled ringcryostat

shows a much better force distribution behavior during pressure enhancement in,thelume. The

number of screws in the dimension M10 (according to28D0) has to be calculated for specific seviboit

circle diametes. For optimal tightness of gasket, a smaller distance of screws has to be taken into account
By this, typically about28!/ mm|] of contact pr mmsthickseal cgnbareachedi t ar e
Due to the possibility of reversible opeg of the LN volume for mounting of HTS material and space
saving architecture, a special fixing module for the inner screws (without flange) was created (see Fig. 1).
Characteristic forces on a 0.5 m] c.000kgr configura
The key of success of FRP cryostat manufacturing are, on the one hand, harmonized handling of semi
finished products, constantly well proved bonding surfaces and choosing of proper adhesives, and, on the
other hand, the joining technology.

Figure 18. (left) Schematic drawef an iISFCL (By courtesy of Bruker ASC) RP cryostatwarm bore in the
middleand modules for pressusealable cover plate fixing (righ(y., andr; - radius of the outer and inner
FRP tubegsrespedtely)

2.2. Cryostatsi general considerations

For minimizing the electromagnetic interaction, we support the vacuum room of these cryostats with non
conductive multilayer insulation (MLI) from RUAG Space GmbH. This special MLI from a separate
research projeavith squared 1 cm demetallizatiamd an emissivity factor of 0.02 is connected to thg LN
vessel through a plurality of special FRP bolts (see Fig. 2).

FRP bolt

non conductive ML1

Figure19. Non-conductive MLI mounted via bolts to the LMessel
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The measted noise spectral Qensities (SQUID Superconducting QUantum Interference Device
measurements) of 20 Layers withlLl@0c m|] i n s i z €ablaér[d. s hown i n

Table6. Noise spectral densities of non cantive MLI (20 Layers,101 10¢ m[2]

Frequency Noise spectral densit
[Hz] [ f T/ aHz

10 4.20

40 2.60

100 2.00

500 1.70

1000 1.64

10000 1.57

The considered MLI shows an extremely low noise and therefore-aamaluctive behavior.

Apart from the ceeful choice of MLI sensitive GRP cryostats need mechanical supports for theskdeél,
which are mounted in the vacuum part of the cryo§tgre 20 shows the static temperature distribution
calculated with computational fluidynamic calculations (CFD) for a special support structure madgwf
2372FRP laminate.
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Figure20. Contours of static temperature [K] of a GRP support used in cryostats

This last consideration is necessary with respect toehdting dewpoint at the outer surface of a cryostat
wall because the condensation of air within electric power systems has to be avoided under all
circumstances.

2.3. Cryogenic liquid pump i overall concept

Thegeneralconcept of the cryogenic liquid pumplbased on a combination of two piston pumps connected

by an electredynamic linear motorThis conceptual design is shown in Figdré detailed description was
givenin[4.,The pump principle and its technicoadld pompoDi
designed to provide a volume flow of 3Bl0 against a pressure head of MBa.
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Figure4. Conceptual design (crosectional view) of the cryogenic liquid pump
(1) and (2)i valve units, both including inlet and outlet; {3inotor andpistors

2.4. Cryogenic liquid pump i design details
A cryogenic electrodynamic linear motor basedtmmovingmagnet principle forms the driving subsystem
of the pump. Its composition is shown in Figbre

Lot ol

& ey
;gg,:g}oonoo 50000000y,
B o bl ooty

Figure5. Design of the cryogenic electrodynamicdar motor
(1) NdFeB permanent magnet; (2) pole cylinders; (3) driciits; (4) hollow cylindrical magneticoke

The stator comprises the hollow cylindrical magnetic yoke, also forming the motor housing, which contains a
pair of driving coils. The armate consists of the central cylindrical axiaityagnetized NdFeB permanent
magnet and the pole cylinders at both sides. NdFeB has beewrg@vdespite its spireorientation
transition at 13%, since SmCo and AINiCo materials had been tested as less farithis application due

to their brittleness and their unfayable magnetization direction thecommercially availabléorm.

The motor is designed to have no reluctance force which could determine a spring constant. This design
leads to the capabditof operating the motor at variable speed and frequency.

The pump consists of a cylinder housing made of polycarbonate carrying the Invar-ifoickelloy
FeNi36) bushing of the cylinder. The pump piston consists of an Invar carrier with a &gl
(registered trademark of Du Pgriner.
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The valve consists of a brass housing containing the valve seats and valve balls. The valve balls were made
of Vespel SPL (registered trademark of Du Pgnih order to reduce weight and to avoid freezing at the
valve seats. The functional sketch and the completed valve are shown in@-igliesvalve principle and its
technical solution is patented technold6/

3
/M
6 —
5\%
4 —| ’ﬁz
A\/
a) \—1 b)

Figure6. a)functional sketch: (1) inlet; (2) pumping cylinder overflow; (3) out4} inlet valve ball;
(5) inner valve overflow; (6) outlet valve ball;
b) completed valve: (1) inlet side; (2) outlet side; (3) flange joint to polycarbonate cylinder
housing; (4)rass housing containing the valve seats and valve balls

3. RESULTS AND DISCUSSION

3.1. Cryostats- tests and results

During the pressure test of the cryostat with B@@s LN, within, the force on the top cover was
approximately 15 tons (3 bar) for 40 minutes.

After this extensive pressure test a helium leakage raté a09° mbarl/s for the complete FRP cryostat
was found.

The virtual leak rate as a result of measurements of pressure rise can be givénl&s 4xibarl/sc m| .
The ability of such cryostats under long term usage in power applications for example in iISFCk sgstem
to be proofed by further investigation (in progress).

3.2. Cryogenic liquid pump 1 tests and results

Most performance tests of the pump have been arranged using liquid nitrogen due to its uncomplicated
handling and relatively large latent heat enablirecize measurements (see FiglireDuring cooling down,
neither doeghe large temperature differenbearmthe hardware of the pump nor its operating behaviour.
Furthemore,test with the pump immersed in liquid argtiave been performed successfullythe case of
argon the Bernoulli effeamnight lead to evaporation anghossibly,cool downthe liquid below its triple
point, hence blocking the piston or the valvBsich phenomena, however, have not been observed.

For an autonomous control of the pumppeleding on the input voltage an electronic circuit has been tested
which automatically reverses the polarity of the coil. By approaching the mechanicahstqiston causes

an increase ithe current that is evaluated by a comparator. The output siyvitdhes the relays, which
reverse the polarity of the coil and make the piston move into the other direction

It should be emphasized that, for given working conditions (kind of liquid andgdyaskure), the optimum
working parameters of voltage an@duency can be chosen. Hence, in a final application no control will be
required anymore. Results for controlled voltage operation (at constant frequency) are shown i8. Figure
The tests have been performed under atmospheriedraskure. For higher bagkessures, the acceleration
force on the valve bodies will increagkusresulting in higher volume flows. Already in the unfaxable

case of atmospheric bapkessure, a volume flow of more than 1®0for liquid nitrogen has been obtained.
Higher ba&-pressures will lead to increased forces acting on the inertia of the valve balls, which will
increase the maximum operating frequency of pump.
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Figure8. Volume flow as a function of frequency obtained at/ireg values of driving voltage. The
voltage is alternated by control using the current signal, measurements are performed under atmospheric
backpressureThedashdottedline is justa guidanceo the eye
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Superconducting Current FeedersSystem for SST1
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ABSTRACT

The superconducting (SC) current feeders system (CFS) for Steady State superconducting Tokafak (SST
consists of (+) ten pairsof 10,000 Ampere (A) leads, €C joints, cryo compatible SC feeders ducts
operating at high voltage with extensive cryo as well as room temperature hydraulic network. Appropriate
design drivers have been considered to provide the safe design of theAQHeBizontal cryostat in
cylindrical configuration with active liquid nitrogen (INcooled 80 K shield provides ease of installation

and maintenance of all the critical components. The required thstroeiural and thermbydraulic
analyses for cryostaind SC feeders have been carried out. The planned fluid flow scheme of the CFS
provides the better temperature margin available for SCMS operation. The required instrumentation and
control system is being upgraded and validated through tests. The papéregethe design, analysis, flow
scheme with instrumentation and control and engineering commissioning experience of the current feeders
system.

1. INTRODUCTION

The CFS is essentially an optimized bridge between the power supply at room temperature and
supeconducting magnet system (SCMS) of the SSiachine at 4.5 K. The system consists of) (ten

pairs of 10,000 Ampere (A) rating helium vapour cooled conventional current(M&@i.), forty numbers

of Cu-SC joints, three numbers of cryo compatible S€déss ducts, current leads assembly chamber along
with the hydraulic network and three numbers of joint boxes operated at different current rating are required
to charge Toroidal Field (TF) and Poloidal Field (PF) m#gseparatelyNine pairs of VCClare required

to energize the PF magnetsdifferent operating currents in the range of 1-KAKA with various current

ramp up/down as defined in the S$Plasma reference scenario [1] and plasma shaping require@aats.

pair of VCCL is required to chaegTF coils at 10,000 A. It is essential to have safe, stable and reliable
design of the CFS because the whole stored magnetic energy of the SCMS during the quench is being
dumped though the CFS path [2]. The hydraulic network of the CFS consists ohlidjuith (at 1.2 bar / 4.4

K), pressurized helium (at 4 bar / 4.5 K), L2 bar / 80 K) and room temperature helium gas hydraulic
networks. The architecture of the CFS also includes exteimsteimentation, diagnostics, data acquisition

and control system

2. DESCRIPTION OF THE CURRENT FEEDER SYSTEM

2.1. Current Leads

Looking at the numbers of current leads requirement, operating current range aid dpBnation duty

cycle, the conventional helium vapor cooled current leads (VCCLS) concept has been adoptadly, Basi

concept uses an optimally designed metallic heat exchanger from the room temperature down to 4.5 K. The
heat exchanger design is simple with rod in thin tubes. Indigenously, we designed the current leads rated for
10,000A and the first (+Y par was irhouse manufactured in 2006 [3] and then upgraded in 2009 [4] with
stringent followups of QA/QC at each stages of manufacturing. The developed VCCL had been tested at
operating conditions in a specially designed cryostat. The purpose was aftessfuicperformance test
demonstration; the series production of next nine pairs should be done with-dipkoaf similar QA/QC
procedures. The test results of the first pair of such current leads have been reported in [4]. Afterwards, all
other current dads were developed by maintainisgingent QA/QC.Figure 1(a) shows the VCCL
developed at IPRA typical 3 kA/s ramp rate results of the VCCL is shown in Figure 1 (b).
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Figure Xa) Series production of VCCLs  Figure 1(b) Typical test result wiklis3kamp rate

2.2. Current Leads Assembly Chamber (CLAC)

As stated earlier, all the SC magnets will also be charged in their representativg steeharios. This
necessitates a dedicat€tdAC equipped with suitable iout cryogenic network, liquid helium et for the

current leads and isolators for maintaining electrical isolations between the source helium lines connected to
the plantand gas return lines. The CLAC in horizontal configuration with one open able distagmten
instaled at10 maway fromthe SST1 machine. ThR€LAC has vacuum of I®mbar, 80 K thermal shield

cooled by liquid nitrogen (LY. A FE analysis for this chamber was carried out under different load case
scenarios. Figure 3 and 4 show the typical load case andWams stress diribution of the chamber
respectively. A Figure 5 shows ti&l AC during the manufacturing. Figure 6 shows the cool dawt
temperature profile of th@0 K shields of chamber
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Figure 5 CLAC photo during manufacturing  Figure 6 Temperature distributioncftiéld in CLAC
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2.3. SuperconductingFeeders for TF and PF magnets

The NbTi/Cu based cabla-conduitconductor (CICC) is sed as SC feeders. They are connected at the
bottom of the current leads with sdivided joints configurations and tainated inside the joint boxedn

order to avoid the transient electragnetic effects of the PF feeders on the TF feeders, threeedifiducts

have been planne@neduct is dedicated for the Tieeders wheeas other two are for the PleedersThe

bus ducts design and layout have been chosen as per the leads configuration of the TF and PF coils inside the
SCQMS. The SC feeders are muorted with low thermal conductivity spacers made €f0GCRto minimize

heat load and electromagnetic forc€be required electrical isolation (~ 60 GOhm at 2kV) in busidar
achieved by wrapping Kaptaend Eglass fibre tapes with epoxy resin. Theeswtacuum duct and 80 K

shield have been designed and fabricated in segments to suit the assembly requirement and flexibility in
maintenance. Figures 7 and 8 show the model of hydraulic network within the CLAC and actual assembly
respectively,

| '
Figure 8 Insight of actual assembly in CLAC

Figure 7Model including hydraulic network

2.4. Copper -Superconducting Joints
v Total forty numbers o€u-SCjoints are required

to interface VCCL and SC feeders with S$TIn

CLAC, sub divided joint had been adopted,

whereas twentghake hand type C8C joints are

installed in all the three joint boxeSpecial design

of ceramic based vacuum barrier offers vacuum

and electrical isolatioof 60 Gohmto the SST1

cryostat and the CLAC. Figure @@ws the typical

vacuum barrier installedt TF feedes ducts.

Figure9 Vacuumbarrier installed at the TF duct
3. DIFFERENT HYDRAULICS NETWORKS AND FLOW DISTRIBUTION

Three different cryogens are used to maintain the CFS at operating conditions. All thed8G fe
are cooled with pressised helium whereas LHe used to cool all the VCCL3he 80 Kthermal
shield iscooled byLN,. Vapor return line for each pair of VCCGind LHe headehas one flow
control valve and on¥enturimeter.An optimised flow distrilation networkfor pressirised helium

has been irtalled for the CFSCoolant exit from all the PF magnets at S5Ts fed to their
respectivefeeders thus makes the flow directionnfirccCMS to VCCL. The flow direction for TF
feeders is fronthe bottom of awrrent lead inside the CLAC towards the SCMS. Pressurised helium
exit from individual VCCL is collected in common header via electrical isolators which provides
electrical break in between VCCL and collecting headenil&ly, LHe from a commorneader is

fed to individual VCCL via electrical isolators. Detailed flexibility analyses for the loops and inter
connecting feed lines have been carpeatusing ANSYS [5]

88



The 13" CRYOGENICS 2012 Dresden, Germany

4. INSTRUMENTATIONS AND DIAGNOSTICS

To control and monitor the different parameters of th& @PPLC and SCADA basd system is
implemented The CFS is equipped with large number of calibrated instruments at different
strategic locations to monitor the behaviour of the current leads and SC feeders. The details of these
sensors and diagnostics asefallows as mentioned in Table 1

Table 1Sensors and Diagnostics details used in the CLAC

Sr. No. | Type of measurementq Instrumentation Make Nos. of sensors
1 Temperature at 4.5 K | TVO 62

2 Temperature at 80 K | PT-100 04

3 Temperature at 300 K | PT-100 20

4 Pressure at 4.5 K Piezaresistive type 02

5 Liquid Level at 4.2 K | SC filament type 21

6 Flow meter (at roon| Venturi Type 11

temperature)
7 Flow meter (at 4K) Venturi Type 2
8 Voltage Taps Isolated Transmitter type | 60

All temperature sensors we connected with indigenously developed cryogenic grade temperature
transmitter modules [6]. This module provides input isolation of 2.5 kV and output isolation of 1.5 kV. The
output of transmitter is linear20 mA for temperature range of 4 K to 325viyich is fed to analog input of

the PLC. Thermal anchoring of sensor wire was provided ontube to minimize the error due to heat
conduction through lead wire to sensor element

5. QUALITY ASSURANCE AND QUALITY CONTROL

A stringent and well established djuxa assuranc@lan was established during the development of
the CFS as per ASME section V. As a part of QAP, starting from raw material inspection (chemical,
mechanical test etc.), stage wise helium leak test, thermal shocks test, high voltage brésgiclown
flow test and the testing of the final assemldy different stages were carried out during the
installation of CFSA special attention was given on théetya aspects

6. CONCLUSION

The SST1 CFS alongwith the inhouse developed (4/ten pairs of @ kA rated conventional current leads
have been designed, manufactured, tested and filhahalled with extensive fidraulic network and
diagnostics The performance test results on the IGCGire found to be satisfactorfhe expeirmental
resultsof different components, tested separatetyre found to be consistent with the design and analyses.
The precommissioningtest results of the of the integrated CFS have shown the safe, stable and relaible
design as a whole
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Study of Refrigeration Characteristics of Slush Nitrogenin Flow System
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ABSTRACT

Slush Nitrogen (SN2), mixture of liquid nitrogen (LN2) and solid nitrogen particles with the characteristic
temperature of 63.1 K allows more heat load and larger temperature rise in HTS cabiesysteN2 We

have confirmed the advantages of SN2 by calculation, showing that SN2 effectively suppress temperature
rise in HTS cableTo examine thestavourableproperties of SN2t laboratory levelve have developed an

SN2 generator and set up a snmadhle SN2cooling system, with which weucceeded in flowinghe
refrigerant at about 63 KVe aregoing to measure the density of SN2 (the amount of flowitigl nitrogen)

and quantitatively study the refrigeration characteristics of. 3iNthis paperwe discuss our SN2 cooling
system and the calculational and experimental results for refrigeration characteristics.

1. INTRODUCTION

For HTS cabls, subcooled liquid nitrogeLN2) below 77K is usually used in consideration of critical
currentand dielectd performances of the HTS cahl&sany different types of LN2 refrigeration systems for

HTS cables have been studied, in most of which LN2 is circulated through cable using pumps and constantly
subcooled by refrigerators to be kept from vaporization f1}hese cases, however, the flow rate, pressure

and temperature of nitrogen need to be controlled to meet the requirements of HTS cables such as cooling
power, while maintaining the stdmoled state of LN2 between melting and saturating curiisough

lowering the temperature oéfrigerant has some merits for HTS cables such as the improvement in the
current transmission and the extension of the distance between cooling stations, there is a limit to lowering
the temperature of LN2 due to its solidificat which should be avoided for continuous circulatiShush

nitrogen SN2, mixture of LN2 and particles of solid nitrogen, remains at 63.1 K that is the solidifying
temperature of nitrogen until solid nitrogen is consumed by latent hdasioh Thusby using SN2 as
refrigerant, the inlet of the HTS cable system can be cooled at lower temperature than by using conventional
subcooed liquid nitrogeywhich makes it possible to lengthen the HTS cablallmwing more temperature
increase in the system.

To handle the difficulty with LN2 a refrigeration system for the HTS cable making use of SN2 has been
studied as a Japanese national project sinc@. M@hatproject, he refrigeration characteristics of SN2 for

HTS cables travelling a long distance watudied and the flow characteristicand heat transfer
characteristics of SN@ere alsoreported{(2,3)}. In those works, however, the measurements were taken
only for a few minutesin this study, the refrigeration characteristics of flowing SN2 and aid2measured

for overten minutes using a circulation system as well as a lineawapdlow system. In sections 2 and 3,

the results obtained using both flow systems are discussed, comparing the refrigeration characteristics of
flowing SN2 and LN2, andur circulation system is described in detail in section 4. We then summarize our
work in section5.

2. RELATION BETWEEN THE TRAVELLING DISTANCE AND TEMPERATURE
OF REFRIGERANTS

We calculated the relation between the travelling distance and the temperatpressuole of refrigerants
(Figure 1). In these calculations the flow rate was set to 40 L/min (1), and the total loss per cable length and
the ice packing factavereassumed 2.85 W/m and 20 respectively. As the inlet temperature of LN2Kg6

the lowestpossible temperature for the actual facilifyy was used, while 63.K was used for SN2. The
density and specific heat of SN2 were calculated from the ice packing factoheaviddosityof SN2 was
evaluated by the Moi®Dtotake equation. Throughout thalculations, the temperature of SN2 was assumed
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to remain constant as long as solid particles existed in the fluid. The values of the constants used in the
calculations are summarized in Table 1.

It is foundthat the SN2 cooling systehas improvedhe peformance of the HTS cable, as the temperature

of SN2remainsabout 49 K lower than that of LN2intil 5 km from the cooling station. It is also observed

that the distance at which the temperature reaches 7%akde for SN2, whichindicatesthat the dstance
between cooling stations can be extendeddiggSN2.The pressure at the calitdet, or the pressure at the

pump outlet is shown to be larger for SN2 than for LN2, and so is the pressure drop due to the viscosity of
SN2 It should however be nalethat the pressure drop can be reduced by increasing cable diameter and/or
decreasing flow rate.

To simulatean SN2 station, whaveset up a small scale SN2 cooling system and investigated the effect of
the latent heat of fusion on cooling as wallthemovement of SN2n cable

Table 1.Values of parameters used in the calculations

AC loss 0.3W
dielectric loss 0.5W
Flow rate 40L/min
Fluid volumepermeter 2.18L/m
Heat loss 2W
Hydraulic diameter 10m
Pressure at the cable outlet] 0.3 MPa
Pressure drop 100Pa/m
Specific heat of SN2 2018 J/kg K
90 1.200
85 T il 1.000
el . SN2 Pressure
80 e 0.800
g T .. "1 .. / <
< LN2 Pressure - - . _ el __— %
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Figure 1. Temperature/pressure of refrigerant versus travelling distance (calculations)
3. ONE-WAY FLOW SYSTEM

To study the effect of latent heat of melting SN2 we made an SN2 flow system consisting of tmmh,Ni&

SN2 generator and amete long transfer tube and a pump (Figure 2). Since it is important to constantly
provide solid nitrogen particles to SN2 cooling system, we have designed a generator to continuously
produce solid nitrogen particles using Auger methiodur experiment thgeneration rate of solid nitrogen
particles was set to 5 g/s witheth aver age parti c Tlke inder diamertoktne trdndfdd & m
tube is 14mm, and four heaters are set on the tube at one meter intervals as shown in Figure 2. To measure
the temperatures of refrigerants five thermomeseesset in the middle fothe transfer tube at one meter
intervals (Figures 2 and 3J.o prevent the thermometers from contacting tihige wall support rings are

fitted in the tube as shown in Figure 3
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In this oneway flow system LN2 flows from the LN2 tank to the generatowliich LN2 mixes with solid
nitrogenparticles andhen flows into the transfer tub€he ®lid nitrogen particleshen flowinto the transfer

tube specially designed to measure the fluid temperature to study the effect of latent heat oSiM2lting

In thecase of SN2 coolim the pressure in the LN2 tank decreases, as the temperature of keyi2hielow

64 K. We therefore increased the pressure in the tank to 11 kPaG by injecting helium gas into it and forced
LN2 and thus SN2 to flow into the transfer éuldVe then measured the flow rate immediately after the fluid

The 13" CRYOGENICS 2012 Dresden, Germany

flowed out of the transfer tube

Vacuum pump

3

N\

LN2 tank

Figure4 shows the temperatures measured at several places of ttabsfen these measurements, the flow
rate and ice packing factarere4 L/min and 2.8 % respectively, and the total heater pevesvaried from
0 to 110 W. We first flowed the fluid through the system more than 30 minutes and then started
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Figure2. A diagram of onevay flow system
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Figure3. A schematioof the transfer tube

measurement adt the fluid temperature was stabilized

In thiswork, we did not measure the relative amount of solid nitrogen. Instead, we irtfegrpdesencef
SN2 from the temperature distribution along the transfer tAbeshown in Figure 4, the temperature of
refrigerant for a heat loadf 50 W remains near 6B up to1m from the inlet of transfer tube, from whictew

conclude that SN2 has flowédh along the tube.
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Figure4. Temperature of SN2 versus travelling distance {@ag flow system))
4. CIRCULATION SYSTEM FOR SLUSH NITROGEN

The structure of the circulation system is shawifrigures5 and 6 This equipment includes @e-cooling

cryostat (PCC) with an LN2 pump and a G#frigerator a transfer tube and a mass flaveter as well as

the SN2 generator used the oneway flow system. The specifications of tle@culation system are
summarized in Tabl@. In this circulation system, LN2 is sent by the pump to the heat exchanger of
refrigerator the temperature of which kept between 63.1 and 64 K. SubsequentN2 goes into the
generator where it mixes with solid nitrogen particles and then flows into the transfer tube. Unlike-the one
way flow system, the inlet for the generator is located near the top of the generator in an attempt to improve
the mixing of LN2with solid nitrogen particle@~igure 5)

Before measuring the fluid temperature, we ran the circulation system for 6 hours, continuously generating
and circulating SN2 until the fluid temperature became st&ldpire 7 shows the temperatures of SN2
measued at one meter intervals along the transfer tubéhis measurement the flow rate is 4.0 L/min, and

the total heater power is 0 W. As shown in Figure 7, we succeeded in fldvaingfrigerant through the
circulation system at about 63 K, althougN2 (solid particle¥ did not flow well from the generator to the
transfer tube. We guess that the poor transfer of SN2 may be related to the way LN2 enters the SN2
generator. Astatedabove, we let LN2 enter the generator from above to facilitate the noxibiy2 and

solid nitrogen particles. It however sezas though LN2 was slightly warmed up in the upper part of the
generator which is a little away from the cold head, resulting in the reduction of SN2.

Mass flow meter

7

Generator
P = m
Transfer tube D

Figure5. A schematioof the circulation system
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Table2. Specificatiors of thecirculationsystem
GM-Type

Refrigerators | 92W@63K (2 units) Generator
120W@63K PCC

Flow rate 7-12 L/min

Pump head.07MPa

Rotatioral speedl17 rpm

Motor power below 50W
Length 4m
Insidediameter14.9 mm

Pump

Generator

Transfer tube

Figure6. Photograph of the circulation syster
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Figure7. Temperature of SN2 versus travelling distance (circulation system)
5. SUMMARY

We have introduced a new refrigerant SN2 and calculated its refrigeration characteristics, evitduating
merit We have developed an SN2 geater and set up a small scale Stdbling system. In our oreay

flow tests, SN2vas confirmed to flowd m alongthe tube with a heat load of 0. We have also succeeded

in flowing SN2 through our circulation system more than 6 hours, keeping thediujuetature around 63

K. As a next stepye are going to measure the density of SN2 so that we can quantitativeiythe
refrigeration characteristics of SN2.
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ABSTRACT

A special dilution refrigerator with pulgebe precooling has been designed, constructed and tested with the
purpose of cooling (terahertz) radiation s@s0r cryogenic electronics to very low temperatures. The whole
setup features tilt independence, angles of wup to
loss of cooling power due to specially designed key components as for exbmphixing chamber. Two
independent but thermally coupléte circulations permit a high level of temperature stability. The
experimental optimisation includes for example an improved design of the radiation shields. Furthermore,
different types of heat stghes have been investigated in order to find the best refrigerator performance.

This work has been supported by the German Federal Ministry of Economics and Technology (contract
numbers ZIM KF2067102AB8, ZIM KF2067112PR9, and EN MF 110057).

1. INTRODUCTION

During past years, cryogeniree precooling for applications at very low temperatureas become more
and more available. Besides sorption cooling and, for sstgh applications, adiabatic demagnetisation,
*He-"He dilution refrigerators are the mosingloyedcooling technoloigs for the temperatureangebelow
1K. For a stable and lowoise operation of radiation sensdrswever additional features are required
often.

For example, diltable dilution refrigeratoris very advantageou®r many astroromic applicationsThe
installation of such a device is intended at the University of Trento [1]. In principle, dilution refrigerators
may operate even gravifyee but such developments are opgoled or they feature significant
complexity[2]. The currait development is characterised bijleindependencef the complete system with
angles of up t o 45 A nofneed mf external pumps; and A tontipuous iartd istabie
operation.

Some details of this dilution refrigerator will be presédnt this paper. Additionally, systematic
investigations of gagap and superconducting heat switches have been performed in order to gain reliable
performance characteristics over a wide range of temperature.

2. DETAILS OF DESIGN

The twastage pulséube precooler for the dilution refrigerator has been developed by TransMIT Giessen,
especially adapted to the demands described in this paper including high tilt independence. Its base
temperature is aboutikk

For operating the complete system, an electrooitrol has been developed by Supracon and IPHT Jena.
Thus, a very useriendly design could be realised.

The design of the dilution refrigerator is based on a development at IAP Berlin, which is marked by two
independent but thermally coupldde cyclesThis provides the possibility to regenerate the sorption pump

of one of the cycles without significant heat flux into fhie-"He cycle. Additionally, &He cycle has been
included due to required thermal stability. All components have been dimensicsest! dira thermal and
fluidic calculations. Figuré& shows a part of the construction drawings.

97



The 12" CRYOGENICS 2012 Dresden, Germany

@20

27

[ T 5 T ) 4}‘
Figure 1. Drawing of the’He and*He cycles of the dilution refrigerator. The sorption pumsnot

shown.

The design of the radiation shields has a verylsubfluence on the performance of the cooling system.
Besides the required mechanical stability, the -clmovn time and, in particular, the minimisation of heat
losses have to be considered. Best results have been achieved using a standard coppién shidtidayer
insulation (MLI) at the first stage of the pulsée refrigerator whereas, at its second stage, a cgeer
MLI shield with a supporting structure made of fiseinforced plastics is fixed.

The design of the mixing chamber [3] enalilitisd operation of the dilution refrigerator wigmgles of up to

45A from it s. Thephalengé af charging iand idischarging into/from the correct phase might
also be solved by a botthaped chamber. Such design however, would suffer roeduced area of the

phase boundary resulting in a decreasing cooling power. The configuration shown ir2 figithea special
arrangement of capillaries as filling material avoids such disadvantages. Furthermore, a usual outside shape
of the chamber cale realised.

Figure 2. Mixing chamber for tilted operation as drawing (left part) and duﬁng manufacturing (right part).
Due to further investigations on the prototype cooler, an indium seal is used.
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3. EXPERIMENTS

For precise investigemns of the complete cooling system, a special apparatus is available which provides the
possibilities of tilting and rotating (see figus& An active damping (air legs) strongly reduces the influence
of external mechanical noise.

Figure 3. Apparatusfor tilting and rotatingthe cooling system with pudebe cooler (1; TransMIT
Giessen), outer radiation shield (2), vacuum flask (3), feeder plate (4) and air legs (5).

Despite of minimised mechanical vibrations of the pld® cooler as developed byahsMIT Giessen,

further mechanical decoupling from the mixing chamber is necessary. An optimised combination of rigid
connections with capillaries supported by mounting elements results in significantly reduced noise at the
mixing chamber (see figud. Noteworthy, the operating frequency of the-pomler of 1.4Hz is clearly to

be seen at its second stage (bottom) but can not be resolved at the mixing chamber.

g] Sl [ Aiméd MPos:0.000s  MESSUNG
i i CHI
Uss

88.2mY
CH2

CH1
Freq.
i 963.9Hz?
H2 100mY M 50.0ms CH1 ./ 9.13mVY
A4 10.0m T17.652H2

Figure 4. Timeresolved acceleration values measured at different positions: (from topttmmp
neighbourhood signal for comparison, mixing chamber (radial directioring chamber (axial
direction), pulsdube cooler (second stage, axial). In good approximation, the values are
proportional to the measured voltage (right scale, pleaseheotatying voltage ranges).

The main principle of the thermally coupled helium cycles has been confirmed, also using a modified design
for “He. Typical values for the regeneration of the sorption pumps are a heating power afieating time

of 15minutes, and a cycle time ofl& A stable operation of these cycles has shown to be realised. Further
investigations are progressing.
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Superconducting and gaap heat switches are the only configurations which are known to work reliably at
very low temperatws. For superconducting heat switches, materials with relatively low critical field have to
be chosen. Thus, pure elements like lead, niobium or indium are considered5Fgames a satp used for

tests on different kinds of superconducting heat sw#ch

Figure 5. Setp for investigations on superconducting heat switches.

A setup forinvestigations on gagap heat switches is shown in figiireMost important parameter for the
operation characteristics is the amount of filled helium. As a mtergalue, a helium pressure of about
100mbar at room temperature can be given. The variation of the resulting performance with different
designs of the heat switch or with the base temperature is relatively weak. Larger helium pressures provide
minor improved thermal coupling but demand significantly longer -cmtn.

Figure 6. Setp for investigations on gag

A

p eat switches.
4. CONCLUSIONS

The currently developed dilution refrigerator is characterised tilyyindependencef the complete system

with titnga n g1 e s o,Mo nequ oftexierndl ulps, and a continuous and stable operation. One of its
key components is the mixing chamber witbpacial arrangement of capillaries as filling matefiiake main
principle of the thermally coupled heftucycles has been confirmed, further investigations are progressing.
Systematic investigations on superconducting an olggadeat switchealso provide a basis for the further
development of cooling systems for very low temperatures.
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The AEGI SELow Temperature Syst
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ABSTRACT

The antimatter experiment AEGIS is being constructed at CERN. Its scientific goal is to measure the
gravitational interaction between antimatter and ordinary matter. Therefore neutral antihydrogerttedsubje

to the eartho6s gravitational field. In order to
produced at very low temperatures. This is achieved by cooling the combining antiprotons to temperatures of
about 100 mK.

The antiprotons aredpped and cooled in a Penning trap. The required electrical fields are generated by a
series of electrodes, which are charged independently with peak voltages of up to 1 kV. The electrodes are
formed by thin gold layers sputtered onto polished sapphipph#a provides reliable electrical insulation

and very high thermal conductivity. The bottom of the sapphire is gold sputtered too and is pressed against
the mixing chamber of a dilution refrigerator. An indium foil sandwiched between the sapphire and the
mixing chamber is used to reduce the thermal boundary resistance.

1. INTRODUCTION

Still there is a question mark in the standard model of particle physics concerning the gravitational force. In
order to study its nature AEGIS (Antimatter Experiment: Grawmatinterferometry, Spectroscopy) is
currently under construction. |t i s |l ocated at
Antiproton Decelerator. The primary scientific goal of AEGIS is the direct, high precision measurement of

t h e E acaligrhviationdl acceleration on antihydrogen [1]. The antihydrogen is formed by antiprotons
and positroniums. In order to perform precise measurements the antihydrogen needs to be produced at very
low temperatures, which is achieved by cooling firstathéprotons to temperatures of about HiK [2].

The antihydrogen is created in a Penning trap, which is also used to trap and to cool the antiprotons during
about 120 s. The Penning trap consists of several high voltage electrodes charged witpdnahent
voltages of up to 1 kV. The trap is thermalized at the mixing chamber, the coldest pafiedHe dilution
refrigerator. In this temperature range only a dilution refrigerator is capable to provide the required
continuous cooling power.

2. INVESTIGAT IONS REGARDING THE THERMAL LINK

Since the electrodes of the Penning trap are charged independently, they need to be individually electrically
insulated. However, the electrical insulation implies at this low temperature generally a poor thermal contact,
depending on the thermal conductivity of the bulk materials and on the usually dominant thermal boundary
resistances. The boundary resistance significantly increases towards low temperatures depending on the
available heat carriers, being either phonoralectrons [3].

Different designs of the thermal link between the electrodes and the cold source have been investigated in a
previous work [4]. The designs differ in the dominant heat carriers. The so called Rod design uses electrons
and phonons whereasethSandwich design uses phonons only for transferring the heat. Due to the
advantageous electrical insulation a Sandwich design is chosen to be applied in AEGIS.

The Sandwich design consists of an electrically insulating material, which thermally caheeelsctrodes

with the mixing chamber. A sapphire (meaystalline ALOs) is used as dielectric. It provides only very

little lattice imperfections, on which phonons are scattered. The phonon mean free path in a pure sapphire is
considered to be rathearfe. It can be estimated to about 1 mm at the related temperatures using the
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equation for the lattice thermal conductivity [5]. A similar value was measured with propagating heat pulses
at 2 K [6]. Lowest thermal resistances in the bulk material canbashieved.

Sapphire shows another beneficial property for the presented application, which is its thermal diffusivity.
The thermal diffusivity is a measure of the propagation speed, with which a temperature disturbance at one
point in a bulk material &vels to another point. It is therefore a vital material property for transferring
dynamic heat loads. The thermal diffusivity is calculated by dividing the thermal conductivity of the bulk
material by its volumetric heat capacity. Using the thermal cdivilyc[7, 8] and the specific heat [9] the
thermal diffusivity of a typical sapphire in the relevant temperature range can be calculate@goThis

value is even slightly higher compared to very pure copper or aluminium [10].

As already discussed @hphonons are little scattered in the bulk of the sapphire, but they are strongly
scattered and reflected at its surface, which causes a very high thermal boundary resistance. This resistance,
also known as Kapitza Resistance [11] strongly depends orerttgetature, the phonon velocity and the
acoustic impedance. The thermal boundary resistance is described by the acoustic mismatch theory [12].
However, the acoustic mismatch theory considers a perfect mechanical connection of the materials involved.
To getthe solid material as perfectly as possible connected to the sapphire is the real challenge.

When connecting two solids the actual contact area is often extremely small because of microscopic
irregularities or the roughness in the larger scale. Forguasgtalmetal joints contact areas of only®6f

the nominal area have been observed [13]. If the pressure for such contacts is increased, the touching
material peaks undergo plastic deformation and larger contact surfaces develop until the prg@ssure is
below the yield strength of the material.

It can be found in literature that the thermal boundary resistance of-sapfaire pressure joints can be
reduced by placing a thin foil of indium as intermediate layer [14]. Indium is still pliable @etoperatures

and creeps at fairly low pressures. However, it could be proved by several researchers [10, 15] that a further
reduction of the thermal boundary resistance can be achieved by vapour depositing the sapphire surface with
the metal. Measurementgth a test setup depicted in Figure 1 show thermal boundary resistances, for a
sandwich made of an indium vapour deposited and optically polished sapphire, agreeing very well at low
temperatures with the acoustic mismatch theory [4].

copperelectrode, heate(————=» | %

electrical insulation by
sapphire with thin indium

layers
|
g7y
7Sy 4 (
j_///////// 0 7 ‘
/I ‘ A
T

mixing chamber lid
heat exchanger/v'; 771 helium, cold source

sintered copper *Tyc

Figure 1: Sandwich design with the position of the heak#r gnd the temperature sensors [4]. The
temperatures of the heateli;\ and the cold sideT¢) of the sandwich as well as of the helium in the mixing
chamber Tyc) were measured.
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3. THE AEGI S0 TLHNE RBSIGN

The Penning trap of AEGIS is a stack consisting of 10 cylindrical electrodes, of which 5 are split into 4
sectors. All sectors and electrodes must be electrically insulated and cooled. The heat load can be split into
time constant heat loadsjainly thermal radiation and thermal conduction via cables, as well as time
depending heat loads due to the pulsed creation of antimatter. The latter is mainly caused by the annihilation
of the positroniums in the electrode material.

The deposited heatdreases with the thickness of the electrodes, which shall thus be as thin as possible.
Therefore the electrodes are made of only some micrometre thin gold layers sputtered onto the polished
sapphire substrate. All thgold layersare sputtered in one pras in which the insulating gaps are masked.
The gold sputtered electrodes have further advantages, e.g.

- the low thermal bulk resistance,

- the short way theheat carriers have to over bridpetween the warm and cold surface of the

electrodeproviding shorthermal time constants,

- only one thermal boundary resistance to the sapphire,

- asmall volume to be charged, which reduces charging times and Joule heating and

- alow electrical resistance.

one of the gold sputtered
electrode sectors

hole for bolting the electrode against
the mixing chamber top lid

connection for the curréteads

uncoated gaps for electrice
insulation

gold sputtered below/
connection to the mixinc
chamber

Figure 2: Electrode of the Pengitrap with 4 electrically insulated sectors. Two sectors are shown in light
grey, the other two in dark grey and the blank sapphire substrate in white.

The sapphire surface in contact with the mixing chamber lid is gold sputteref ttin indium foil is used

to improve the thermal contact between the sapphire block and the mixing chamber lid made of copper. The
square blocks of sapphire with the sputtered electrodes and the round beam hole are pressed directly onto the
top plate of the mixing chambeising copper bolts. The differential thermal dilatation will increase the
pressing force when cooling down.

4. CONCLUSIONS

High voltage electrodes of a Penning tnaged to be cooled down to about 100 mK. Thermal measurements
regarding the thermal link betweehe electrodes and the mixing chamber of a dilution refrigerator are
performed. They show an excellent compliance of the thermal boundary resistance with the theoretical
values of the acoustic mismatch theory when using a metal deposition, e.g. vapmsitiateor sputtering

onto polished sapphire and a ductile sandwiched layer like indium foil. With this information the thermal
link for AEGIS is designed. The design consists of a sapphire block on which the electrode is directly gold
sputtered. The sappe block in turn having a gold sputtered surface is pressed against the mixing chamber
lid made of copper. A thin indium foil is sandwiched in between in ordengicove the surface in contact.

Currently measurements are performed in order to verdy tt h er mal performance of
link design.
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ABSTRACT

A 3-dimensional numerical study is reported here for the investigation of the perforofaacecaxial

single stagecoustic Stirling cryocooler. The cryocooledis/en by a cyclically moving piston with helium

as theworking fluid. Thebuffer tubesection isconcentric with the annulaegenerator.The porous media
heatexchangers at each end of the buffer tube adbasstraightnersaand prevent mixingof the flow. The
regeneratoand theheatexchangers are moded as Oporous medi a -dyalidarium e x ¢ h a
heat transfer model (between solid and gas) is applied in these regioasnanagemenof flow patterns

from the regeneratosectionsto the buffer tube is of significant importance in the perfoance of the
proposed caxial cryocoolers. Three types of flow distribution systems in the cold head region are studied
via detailed simlations of the & flow and temperature fieldsThe first system consists of slots that evenly
distribute the turnig gas flowing from the regenerator to the buffer tube region. In the second system the
slots are replaced by an open cold head region. Finally, in the third systepetheold head is filled with
copper mesh screeMhe three systems are comparecdcfgocooler performance.

1. INTRODUCTION

Theacoustic stirlingcryocooler is a developing technology that emerged largely in the early 1980's
with a series of innovations in the broader field of thermoacoustics. In contrast with other
cryocoolers (e.g. Stirig cryocooler and GiffordMicMahon cooler) this type of cryocooler can be
made without moving parts in the low temperature part of the device, making the cooler suitable for
a wide variety of applicationindustrial applications such as semiconductor &ion and in
military applications such as for the cooling of infrared sengais Acoustic stirlingcryocooles

will be particularly useful in spadeased telescopes where it is possible to replenish tHeuid
cryogens as they are depleted. With the added benefits of extended lifetimes and low vibrations at
the cold headthesecryocoolers have found their niche application where stable operation is
desired. It has also beenggested thaacoustic stirling cryocoolers (refered to as pulse tube
cryocoolers (PTRs)anbe used to liquefy oxygen on M.

Acoustic stirlingcryocoolers come in three basic configuratifhs3]. These configurations are the
In-line, the Utube and the Ceaxial type The coaxial type is the most compact of the
configurations and offers the best geomédwr direct contact with the cold region (due to the
presence of a cold headRecently, there has been a push to build PTRs that work efficiently at
higher frequencie§4, 5]. The use of high frequency oscillations allows the system to be
comparatively small in sizefor applications in thespace industryor high temperature
superconductivity (HTSWwherelocalizedmediumi low power L 7 10 W) cooling systems with
extremely fastooldown times are required.

A 3-dimensional numerical study is reported here for the investigation of the performance- of a co
axial single stage acoustic Stirling cryocoolefhreetypes of flow distribution system@rom
regenerator to the buffer tubi@)the cold head region are studiethe first system consists of slots

that evenly distribute the turning gas flowing from the regenerator to the buffer tube region. In the
second system the slots are replatgdan open cold head regioifrinally, in the third system the

open cold heat filled with aporous mediagubstance
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2. PROBLEM GEOMETRY

Figure 1 below showa 2D slice of the 3D geometry studied (i.@ ceaxial cryocmler). The components

of the coeaxial cryocooleiinclude a compressiochamber with a moving pistpan aftercoolerqomponent

B), an annularregeneratowith coarse stainless steel mgsbmponent [, asecond set aegeneratomesh

(fine stainless stéenesh, component)Ea buffer tube (component Jwith a flow straightnerat each end
(components | and K), a hot heatchanger (component L3 diffuser cone to connestarmheatexchanger

to the inertance tube, an inertance tube and a compliance vollineeaftercooler and hot heatchanger

were simulated as porous media zones with properties (porosity and permeability) of a shell and-tube heat
exchanger and the flow straightners (porous media) had properties of diffusion bonded phosphor bronze
mesh.

G F E DC B A J’I

X Q
W e
H I J K L M N O I p

Figure21l. Schematic ofo-axial type acoustic stirling cryocoolsimulated

In this study three different cold head configurations were studied (Tabésés simulated). In case 1, the

cold head comprised of a set of slddsf{ each or 0.6 mm thick) at the end of the regenerator (component G,

see figure 2a), in case 2, the cold head is a void region (component G, see figure 2b) and in case 3, the void
cold head is packed with wire mesh (component G, see figure 2b). Thespuoadia properties for this

region are the same as those for components C and F.

Tablel. List of cases studied

Case No.| Cold Head Geometry (G) Simulation domain
1 0.6 mm thick slot Gas (Helium)
2 Void zone Gas (Helium)
3 Wire mesh Porous media (Copper

Figure22. Schematic of different cold head configurations studied (a) slot and (b) void or porous
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3. MATHEMATICAL MODEL

3.1. Governing Equations:

The flow and heat transfer simulation model incorporates the fluid dynamic eguafi@onservation of

mass (continuity equation), momentum (Navi#okes equation) and energy in the fluid domain. The
various heat exchangers, flow straightners and the regenerator are modelled as porous media with the
relevant solidoroperties (Table 2) The mass, momentum and energy conservation equations for the porous
media (solid) regions are solved simultaneously with the gas phase equationsdigotomler Further

details of the governing equatioaie given inAntao and Farous, 7].

3.2. Porous Media Conditions

3.2.11n the porous media regions, the three heat exchatmerponents B, G5 and L in figure 1)
have properties of copper with density 8950 k§/oonstant specific he@80 J/kgK and
temperature dependent thermal conductivity. The regendécatmponents D and Egas
properties of 316 stainless steel, with density 7810 kglamstant specific heat 460 J/Kg
and temperature dependent thermal conductivityeflowstrai ght ner s O0FS6 (cor
and M)have properties ophosphor bronzewith density8800 kg/nt, constant specific heat
360J/kgK and temperature dependent thermal conductivighle2 belowlists the porous
media parameters used in the governingaégas of the porous media.

Table2. Porous Media parameters used in the simulation

Component Name Porous Media Por,cgsity Permea}bility (m?) Drag Factor
Material ab ®0 Cr0
B Aftercooler HX Copper 0.13 4.5710 0.2
C,F Copper Regenerator Copper 0.774 4. 08710 0.187
D Regenerator Top Stainless Steel 0.719 9. 7110 0.242
E Regenerator Bottom Stainless Steel 0.717 5. 929 14 0.236
| ColdFS PhosphoiBronze 0.702 58 170 0.278
K, M Warm FS PhosphoiBronze 0.702 49 17 0.278
L Warm HX Copper 0.3 49 1 02

3.3. Initial and Boundary Conditions:
3.3.1.Initial Conditions

3.3.2The initial pressure in the system is set ®NPafor all the casesTwo temperature initial
conditions were simulated to study the system. For the first temperature initial aoraliti
constant temperature of 300 K was assumed in all the components to simulate the cooldown
characteristics of the cryocooldr.n or der to predict the system
equilibrium,a second initial condition was prescriltbdt represestan expected quasieady
temperature distribution (cold hebat 77 K, the aftercooler and warm heatchangers at 300 K
and a linear gradient across the regeneratobafidr tuberegions).

3.3.3.Boundary Conditions

3.3.4The walls of the aftercooler heaxchangeand the warm heaxchanger were maintained at
300 K and the other components were maintained adiabBtie piston is modelled as a
reciprocating wall having an oscillatory velocity. The velocity of the piston is defined by the
function,u = Ag¥ C 0 s ), WhereA, is the maximum displacement of the pistor8 (@) and
¥ is the angular frequency ( = ) @df is the frequency of operation. For the current
simulations (all cases), the frequency is seOdth
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3.4. Numerical Scheme

The numerical scheme rf@olving the governing equations based on the finite volume approach. The
continuity, momentum and energy equatianssolved for the fluid as well as the porous media using a 2
order upwind scheme. The motion of the pistnaptured by a movingrid scheme near the piston wall
(the Transfinite Interpolation scherftd).

A 2" order CrankNicholson scheme (with a bleing factor of 0.7)is used for the time derivatives in the
continuity, momentum and energy equations. The-8tap size was determined by allowiB time
steps/cycle, which was sufficient to accurately simulate the prolofen41  ).0An overall onvergence
criterion was set for all the variables at*if the iterative implicit numerical solver.

A 2.# pie slice of the problem geometry was simulatedave on computation timeA hybrid (structured
unstructured) grid system is used in the sations. Structured grid (neumiform orthogonal mesh) was
used in most of the components except the cold head (components G and H) and the diffuser cones
(components N and O) near the inertance tube. A tot&5@00 - 62000 grid points were used in the
simulations (depending on the geomeirg. cases 1, 2 or.3 The governing equations and the boundary
conditions were solved using CHECE+ [8].

4, RESULTS AND DISCUSSION
In the following section, results fapatictemporal evolution of the flow and temperature fields indbe
axial acoustic stirling cryocooldfigure 1) are presented and the effects ofdblkel head geometrgn the
performance of the system are discussed.

4.1. Temporal temperature and pressureevolution

300 | (a) ey (b)
| Case 1 Case 1
Case 2 —— Case 2
I Case 3 85| Case 3
%250— | %80
L [l
% [ 'J.".JH“ %75—_ ‘I'Tl JWHHH i i}
E I I"'|"‘"“J S '?“"I'Hm (la
& 200 {”” g F
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Figure23. Transient variation of the gas temperature at the exit of the cold flow straightner (component I)
for the three cases studi@) cooldown from room temperature (300 K cold head) and (b) cooldown from
near quassteady state temperature initial condition (77 K cold head)
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Figure24. Transient variation of the pressure at the entrance of the buffefciubponent J) for the three
cases studied (a) early time and (b) 1.0 second of simulation time neastgaalyi state

Figure3a shows th cooldown curve®f the gas temperature at the exit of the dld straightnerand inlet

to thebuffer tube sectior(i.e. x = 2.59cm,y = 4.5cm, z= 0.095cm) for the cases studiesing the room
temperature initial condition The correspondingemporalevolution of the gas temperature from the near
guasisteady state initial condition is shown in figure 3the cyclic temperature profiles are not sinusoidal

in natureand thenonsinusoidalbehaviour isdue to secondary streaming flow (the pressure exhibits
sinusoidal behaviar at the same locatidn The slot geometry (figure 2a) simulated in case 1 performs the

best due (quassteady cycleaverage temperature is about 6&0 K) to the high pressure amplitudes
Comparing the temporal pressure profiles at the same location (figure 4a and 4b) shows that the pressure
amplitude in case 1 is the highest (~ 0.16 MPR)e pressure amplitude in case 3 is the lowest and this can

be explained by the increased pressure drop in the porous cold head region (case 1 and 2 have void cold heac
regions). The lowest performance of the three cases is case 2 due to the increaspdceoin the cold

head which leads to adiabatic heating of the oscillating gas in that region. The addition of slots provides the
benefit of decreasing the void space in the cold head without compromising the pressure amplitude (addition
of mesh or poras media will increase the pressure drop as seen in case 3).
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4.2. Spatiotemporal transport processes

Figure25. Gas temperature contours in the cold head region of the cryocooler (compoiieP}$ok case 1
simulated using the ae quasisteady state initial condition at (a) 1.0 sec and (b) 4.0 sec

In figure 5a and 5b, the instantaneous temperature contours in the cold head (compdrenhts&plotted

for a 2D slice of the geometryd(= 1.2) simulated in case 1 at 1.0 sec and 4.0 sec of simulation time
respectively. The temperature fields clearly show adimtensional structure in the regenerator and the
buffer tube. A comparison of the two figures shows a distinct variationeinetmperature fields in the
bottom regenerator (component Ehis variation is possibly due to the flow fields in the slot (component

G) and the void cold head region (component H). A plot of the instantaneous velocity vectors for the same
2-D slice of the geometry (figure 6) shows velocity vectors with large magnitudes and large vortical
structures in these components. Additionally, large velocity magnitudes are visible in the compression
chamber, the aftercooler, the warm heat exchanger and theediffwse, with nouniform flow in the latter

two components. However, the flow in the buffer tube is fairly uniform (except near the walls) and laminar
due to the flow straightners at its ends.
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Figure26. Velocity vectors inhe cold head region of the cryocooler (componerits? for case 1
simulated using the near quaseady state initial condition at (a) 1.0 sec and (2) 4.0 sec
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5. CONCLUSIONS

A 3-dimensional numerical study is reported here for the investigation of therparniceof a coaxial

(buffer tube section isconcentric with an annulalegeneratdr acoustic Stirling cryocooler. The porous
media heaexchangers at each end of the buffer tube adbasstraightnersaindprevent mixingof the flow.

Three types of flov distribution systems in the cold head region are studied via detailethsons of the 3

D flow and temperature fieldsThe first system consists sfots, inthe second system the slots are replaced

by an open cold head regi@nd in the third systenthe open cold head is filled with a porous media
substance (copper mesh scieenhe simulations predict the best performance for the first case studied (i.e.,
slots) where the cooldown from room temperature and the -qtessly state temperature attains the

lowest. The reduced performance for case 2 is due to the addition of void space which leads to high
temperature oscillations in the region. When the open cold head was filled with porous media (wire mesh) to
reduce the void space, the performanmproved, however the addition of porous media added to the
pressure drop in that region and ultimately reduced the pressure amplitude in the buffer tube. It can be
concluded that the addition of slots provides the benefit of decreasing the voidrsirecedld head without
compromising the pressure drop in that region.
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Effects of the Inertance TubelLength and Diameteron Pulse Tube Refrigerator
Performance

Farouk B., Antao D.S.

Department of Mechanical Engineering and Mechanics, Drexel University, Philadelphia, PA, USA
ABSTRACT

A numerical studyis reported here for the investigation of the effects of the inertanceléngth and
diameteron the performance of a single stage inertance pulse tube refrigerator (IPTR). A detailed time
dependent axisymmetric computational fluid dynamic (CFD) maflehn IPTR is used to predict its
performance. In the CFD model, the continuity, momentum and energy equations are solved for both the
refrigerant gas (helium) and the porous media regions (the regenerator and the thezehaaagers). The
resultant flav fields (pressurevelocity andtemperaturgare used to study the phase relationships between
the pressure and the mass flow in the regenerator, pulse tube and inertance tubandglmgerformance

of the system The effects of the length and diaereof the inertance tube on these phat#iomships and

the effect of thanertance on the system performance are also investigatesl.predictionccomparewell

with previously published theory and resultBhe CFD model offers an accurate and ecocanalternative

to design of efficient pulse tube refrigeration systems.

1. INTRODUCTION

The Pulse Tube Refrigerator (PTR) is a type of regenerative thermoacousticlpasefrigerator that runs

on gases like helium, argon, nitrogen or alhe PTR runs o the reverse Stirling cycle and is capable of
achieving cryogenic temperatures. The small number of moving parts required to build a PTR makes it a
simple and hence potentially reliable cryocooleBeing a egenerative cryocoolgrit operate with
oscilating pressures and mass flows in the cold head

In the pulse tube cryocooler, the displacer pisamfoundin the Stirling and GM regenerative systems) is
eliminated[1]. This dispacer piston is replaced by a hollow tube (called the pulse tulie.proper phase

shift (the function of the displacer piston in a Stirling or GM cryocooler) in a PTR is maintained by using an
orifice, adoubleinlet pulse tuber an inertance tubeThe inertance tube can be used instead of an orifice or

in addition to one.Marquardt and Radebaugh reported the highest efficiency for the pulse tube refrigerator
when using a combination of the orifice and the inertance[&]be

In this studywe investigae the effects of the inertance tubength and diameteawn the performance a@n

IPTR. A detailed timalependent axisymmetric CFD mod#lan IPTR is used to predict its performance.

In the CFD model, the continuity, momentum and energy equations are sotvétk feefrigerant gas
(helium) and the regenerator and three {esahangersvhich are modelled as porous medibhe effects of

the length and diameter of the inertance tube on the phasenships (between the pressure and velocity)
and the effect atheinertance on the system paminance are investigated.

2. PROBLEM GEOMETRY

Figure 1 below shows the geometry studied (i.e. an inline IPTR system). Onilgehgeometry shown in

figure 1 was simulated (the axisymmetric assumption) due to the cylindratate of an actual system and

to save on computation time. The IPTR simulated has the same components and dimensions (see Table 1) as
the experimental system studied by Antao and Faf8uKno orifice valve is used in the current study).

These include a compression chamber with a moving piston, a transfer tube, an aftercooler (the first red
hatched region), a regenerator (blue citsshel region), a pulse tube with a heat exchanger at each end

(the other two red hatched regions), a diffuser cone to connect hetxobainger to the inertance tube, an
inertance tube and a compliance volume.
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Axis of Symmetry

Figure27. Schematiof IPTR simulated

Boundary
No. Component Radius (cm) | Length (cm) | condition along the
outer wall
A Compression Chamber 3.0 11 Adiabatic
B Transfer Tube 0.85 4.0 he = 20 W/ne-K
C Aftercooler 0.85 3.0 Tw=293 K
D Regenerator 0.85 6.0 Adiabatic
E Cold HeatExchanger 0.47 5.0 Adiabatic
F Pulse Tube 0.47 23.0 Adiabatic
G Hot HeatExchanger 0.47 3.0 Tw=293 K
H Diffuser Cone rlrz_zoria% 0.4 Adiabatc
I Inertance Tube 2 -8 Adiabatic
J Compliance Volume 2.6 14.9 Adiabatic
®See Table 2

Table 2. Cases of the various conditions (length and diameter of the inertance tube) simulated

Case Length Radius g 16 Inertance M6
No. (cm) (cm) (Pa-s/m®)
1 150.00 0.1930 442227.62
2 93.50 0.1524 442090.21
3 21760 0.2324 442360.18
4 46.75 0.1524 221045.11
5 187.00 0.1524 884180.42

Tale 2 lists the various inertance tube geometries studied.valueof inertanceMébis given by the formula

[4]:

m Il
M = =20 8
(prli)2 pri ®

where,rr is the radius of the inertance tulpejs the mass of the gas in the inertance typés the mean
density and is the length of the inertance tubkhe purpose of the study is to identify the best operating
conditions of the IPTR and to investigate the role of the inertance tube in achieving the optimum operating
conditions. Five casewe studied in this paper. The first case represents the dimensions of an experimental
PTR system studie[8]. Casesl, 2 and 3 are forisilar values of inertance, but different combinations of

115



The 13" CRYOGENICS 2012 Dresden, Germany

length and diameter. The values of inertance tube radius are chosen based on commercially available copper
tubing. The final two cases (i.e., cases 4 and 5) are for the same radius of theartetienas case 2;
however the lengths have been changed from case 2 in order to study the effects of ¢changihg of

inertance on the performance of the systlalf the value of inertance in case 2 (case 4) and double the
value of inertance used tase 2 (case 5).

3. MATHEMATICAL MODEL

3.1. Governing Equations:

The flow and heat transfer simulation model incorporates the fluid dynamic equations of conservation of
mass (continuity equation), momentum (Navi&#okes equation) and energy in the fluid domaifhe

various heat exchangers and the regenerator are modelled as porous media with the relevant solid properties
of the regenerator and the heat exchanger materials (Stainless Steel and Copper respectively). The mass,
momentum and energy conservation eiguast for the porousmedia (solid) regions are solved
simultaneously with the gas phase equations for the OFHURther details of the governing equations are

given in Antao and FaroJl, 6].

3.2. Porous Media Conditions:

In the porous media regions, the three heat exchangers (components C, E and G in figure 1) have properties
of copper with density 8950 kgfntonstant specific heat 380 J/Kgand a thermal conductivity of 470

W/m-K. The r@enerator (component D in figure 1) has properties of 316 stainless steel, with density 7810
kg/m?®, constant specific heat 460 JKgand a thermal conductivity of 10 W/

Table 3 lists the porous media parameters used in the governing equationsasbtiserpedia. The values

for porosity, permeability and drag factme the same as those used in a previous §8lidy

Table 3. Porous Mediparameters used in the simulation

Component Material Porosity Permeability (m?) Drag Factor
HeatExchangers Copper 0.774 4.087%1 0.2
Regenerator Stainless Steel ~ 0.72 9. 70™MI 0.3

3.3. Initial and Boundary Conditions:

3.3.1.Initial Conditions

The initial pressure in the system is set to 2.2 M&aall the cases In order to pred
performance near quasquilibrium, the computational model was run with a prescribed initial condition that
represents an expected qustaiady temperature digtution (cold heatxchanger at 100 K, the aftercooler

and warm heagxchangers at 300 K and a linear gradient across the regenerator and pulse tube). With this
initial condition, the simulations were run for until a gustgiad state was achieved.

3.3.2.Boundary Conditions

Table 1 (given earlier) specifies the heat transfer boundary conditions used at the surface boundaries of the
various components. The piston is modelled as a reciprocating wall having an oscillatory velocity. The
velocity of the pistons defined by the functiom, = Asx C 0 s , WhereA) is the maximum displacement of

the piston (1.75 mm) amd is the angular frequency( = ) @andffis the frequency of operation. For the
current simulations (all cases), the frequency is set at 65 Hz. This value of frequency wasbetses on

an study performed by the authors where the effect of the frequency on the performance of the system was
tested experimentallpg].

3.4. Numerical Scheme:

The numerical scheme for solving the governing equations is based on the finite volume approach. The
continuity, momentum and energy equations are solved for the fluid as well as the porous media"fising a 2
order upwind scheme. Thmeotion of the piston is captured by a moving grid scheme near the piston wall in
the compression space dndtemameshiaghschenteAifed is the Trangfinite e 1
Interpolation schemg].
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A 2" order CrankNicholson scheme (with a blending factor of 0.7) is used for the time derivatives in the
continuity, momentum and energy equations. The-8tap size wasletermined by allowing 80 time
steps/cycle, which was sufficient to accurately simulate the proleta ( 1. 9 2 3 0).7 &An oVeralll 0
convergence criterion was set for all the variables Atiri@he iterative implicit numerical solver. Mass and
energy conservation were verified in the simulations.

A hybrid (structureelnstructured) grid system is us® discretze the computational domains. A total of
40007 4600 grid points were used in the simulations. The number of grid points chosen was dependent on

the length of the inertance tube. The governing equations and the boundary conditions \edressoty
CFD-ACE+[7].

4. RESULTS AND DISCUSSION

In the following subsections, results for temporal evolution of the flow and tapre fields in the IPTR

(figure 1) are presented and the effects of the i
the system are discussed.

4.1. Transient processes in the IPTR

The transient behavio of an IPTR is very important to its apgion. Figure 2a shows this temporal
variation of the gas temperature at the exit of the cold heat exchanger and inlet to the pulse tube section (i.e.
x = 19.1 cm,r = 0.4699 cm) for the cases studied. The banded profiles are cyclic variation of the gas
temperature in the system. The cyclic temperature profiles are not sinusoidal in nature (figure 2b) and the
amplitude of temperature oscillation varies between 2 K and 5 K. The amplitudes of oscillation are
dependent on the pressure amplitude at thation (ideal gas assumption) and ssdmusoidal oscillations

are due to secondary streaming flow (since the pressure exhibits sinusoidal bbgh#&doa constant value

of inertance (changing the length and diameter of the inertance tube), the chaaidermance of the IPTR

was fairly small (~ 2 4 K difference between cases 1, 2 and 3). When the value of the inertance was varied
(keeping the diameter of the inertance tube constant and changing the length), a larger variation in the
performance offte IPTR was observed. The IPTR with the inertance tube used in dslse 884180.42
Pas?/m® demonstrates the best performance with the eiaaily state temperature ~ 42 K.
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Figure28. Temporal evolution of the gas temateire at the exit of the cold heatchanger from the initial
condition (100 K)

The inertance tube helps maintain the proper phase relationships in an IPTR system. The main phase
relationship in a PTR is the phase angle difference between the presstine #ow rate (or velocity) in the
regenerator and at the entrance of the inertance tube. For a constant inlet acoustic power (constant piston
amplitude), the efficiency of the regenerator is maximised when the pressure and velocity (or mass flow rate)
are in phase at the center of the regeneif&lorIn figure 3, the axial velocity and pressure are plotted for
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three cyclemear quassteady state at the center of the regenerator (figure 3a) and at the inlet of the inertance
tube (figure 3b) for case 5 (best performance). In figure 3a, the phase difference between the pressure and
the velocity at the center of the regenerasdfairly small (~ 87 6°) with the velocity leading the pressure.

At the inlet to the inertance tube, the phase difference iS widi the pressure leading the velocity. In the
following subsection, we discuss the effect of the variation in thasphangle on the performance of the
system.

6 26 120 = 2.6
() ] - (b E
5F N 100 ]
- 25 2 25
4:/'\\ /\ AN 1 80 | .
3 ] 60:— i
24 -/ N
2 2F ~ % wf 1+
< F FE | ] £
z IF 2,3% 2 OF i E
g f & & f A23C
S 0fF g2 ofF I ¢
2 - Z . - 11 =
- aF 222 7 ook 1 2
= F £ = 22 B
.- - m — m
= 2k = A0
< 21 CF \
3F ) 60 |- ~ \_ N\
g 5 21
A ) ‘ 15 80 | . ‘ b
- Axial Velocity (m/s) ] - Axial Velocity (m/s) ]
SE — — — — Pressure (MPa) ] -100 — — — — Pressure (MPa) 12
b v gl b b e
60 0.5 1 1.5 2 25 31'9 1'00 0.5 1 1.5 2 25 3
Cycle Time (7) Cycle Time (1)

Figure29. Temporal evolution of thpressure and velocity near quateady state for case 5 at (a) center of
the regenerator and (b) entrance to the inertance tube

4.2. Variation of the phase angle between pressure and velocity

In the previous subection, changing the value of inertance (varying the length of the inertance tube and
keeping the diameter constant) was shown to affect the performance of the cryocooler. In figure 4a, the
guasisteady state (at 30 seconds) gas temperature at the exit of the cedckdheatger is plotted as a
function of the inertance. As the inertance is increased, the temperature in the system decreases. This
improvement in the performance is possible tuthe increase in the pressure amplitude in the system (note:

the piston amplitude is not changed) from 0.14 MPa to 0.21 MPa (see figure 4b)
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Figure30. (a) Quasisteady gas temperature and pressure amplitude in the cetitere§enerator and (b)
phase angle between pressure and velocMay at di

The phase angle difference between the pressure and the velocity in the regenerator and at the entrance to the
inertance tube is iportant to the performance of a pulse tube cryocooler. For a given input acoustic power
(PV power, i.e. for a constant piston amplitude), the pressure and velocity (or mass flow rate) at the center of
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the regenerator must be in phf$k This reduces the magnitude of the velocity in the regenerator and hence
reduces the losses that occur in the regenerator (which are dependent on the velocity/mass [flgw Irate)

figure 4b, the phase angle difference between the pressure and the velocity is plotted as a function of the
inertance. As seen in figure 4a, an increase in the inertance increased the pressure amglihghee
improved the performance. However, at the highest value of inertance investigated here, the phase angle
difference is at a minimum and this consequently reduces the losses in the regenerator. In keeping with
previously published theoiy], the magnitude of the velocity decreases in the regenerator when the phase
difference decreases. For case 5 (phase dngle6°), the magnitude of the velocity in the regenerator
center is 3.52 m/s compared to case 2 where the magnitude of the velocity is 492 a#3.(

5. CONCLUSIONS

Thenumerical study reported here investesihe effects of théength and diametesf theinertarce tube on

the performance of aPTR. In the CFD model, the continuity, momentum and energy equations are solved
for both the refrigerant gas (helium) and the porous media regions (the regenerator and the three heat
exchangers). The effentf differentdiameterof theinertance tubs and different values of inertance on the
performance of the system anwestigated.The value of inertance is maintained constant by changing both

the diameter and the length of the inertance tube (theaimeertis proportional to the ratio of the two).
Maintaining this value constant does not significantly affect the performance of the systerf K
difference in the three cases studied). When the value of inertance is changed (keeping the diaraater const
and varying the length of the inertance tube), larger variations in the performance are observed (~ 50 K). In
the current study, increasingetliinertance increased the pressure amplitude in the regenerator and hence an
improvement in the performancea observedHowever, it is important to note that at the highest value of
inertance studied\ = 884180.4Pas /m’), thephase angle difference between the pressure and the velocity

at the center of the regenerator was minimum. This is another passiblen for the improvement in the
performance observed. By minimising this phase difference, the velocity magnitude in the regenerator was
decreased and hence the regenerator losses were decreased (losses are dependent on the velocity). Furth
investigation is required to find the inertance value (and the corresponding phase difference at the entrance to
the inertance tube) at which the phase difference between pressure and velocity at the center of the
regenerator is close to zero (optimum performant@wever the present results compare well with
established theory.
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ABSTRACT

A new type of higkpower pulse tube cryocooler (FETC), composed of three connected sifJI€s with a
prospected cooling capacity of 1 kW at 8ths beereveloped and is currently under investigation. With

this arrangement the orifice or inertance tube at the warm end of the pulse tube of common PTC is replaced
by an expansion piston. Thisimciple enables a coefficient of performance (COP) which is comparable to
that of Stirling cryocoolers. Furthermore, this arrangement allows the exact adjustment of the phase shift
between pressure wave and volume flow. In thdPdT the expansion pistari the previous cycle supports

the compression piston of the following cycle, being combined to form a single moving part driven by a
high-force synchronous oscillating motor. So a crank shaft can be avoided what ensures low vibration and
low-noise operatin. The 3GPTC is suitable to supply cooling power for hgbwer applications like high
temperature superconducting faclirrent limiters, motors and generators. The target COP of about 12% is
significantly higher than that of commercial systems. TheP3C is already manufactured and first
experimental results will be presented.

This work has been supported by the German Federal Ministry of Economics and Technology (contract no.
EN MF 090051)

1. INTRODUCTION

The market of highemperature superconductingT8) power applications is growing intensively. The first
prototypes of HTSables, motors and fault current limiters are already running, all requiring a cooling
capacity between 5@/ up to some kW between 65 andB0Some detailed information is summaiizin

Table7 [Gouge]. Most of these devices are designated to guarantee our energy supply in the near future.
Reliability, low or free maintenance and low costs are therefore the main prerequisites for a arfocoole

such systems which are not available on the market at present. The intention of the authors was to develop an
energyefficient cryocooler with high cooling capacity which meets these demands of the HTS applications.

Table7: Typical or anticipated heat loads at Top for HTS compor{&uage]

HTS Component BSCOO Heat Load, T, YBCO Heat load, To,
Cable (per phase) 3-5 kW/km at 6580K 3-5 kW/km at 6580 K
Transformer (5L00 MVA) 5001 00 6 s -¥% om6680 K 5001 00 6 s -80Ks
Motors (7567500 kW) 50-200 W at 2540 K 50-200 W at 5865 K
Generators (1:600+ MWe) 100500 W at 2540 K 100500 W at 540 K
FCLs 30 W at 30 K, 750 W at 80 | ~ kW at 5080 K
SMES, magnetic separation, MRI, et 106s of -30& 10-100W at 5065 K
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2. CRYOCOOLER CONCEPT

2.1. Phase Shifter Concept

One of the main drawbacks of ordinary pulse tube coolers is the exergy loss due to irreversible
thermodynamic processes in the passive phase shifter, like inertance tube or orifice. The expamsion pis
with its activereservoir of the 3€TC obviates this exergy loss. The heat gained (e.g. the cooling capacity)

at the cold heat exchanger, is generated by volume work and transferred via the pulse tube as in any pulse
tube cooler. As distinguished froordinary pulse tubes a high percentage of heat at the warm end of the
pulse tube is transferred to the expander for the transformation into mechanical work. The hot heat exchanger
at the end of the pulse tube is therefore obsdiestiould be noted thatiso other pulse developmemier

solutions to avoid these drawbacks. Examples are for instaacdevelopment of Matsubafislatsubara]

with active buffers at the hot end of the pulseftbb e f our val ve pulse tube r e
[The r k] pulsetube eooler with a phase shifbéKaiser [Kaiser] et al. presented at the ICEC 23 in July
2010.

2.2. How it works
The working principle of the 3®@TC is based on the development of an active reservoir pulse tube cooler
(AR-PTC) which is showin Figure31.

P1— 2.0 53
~ - ;
31 3.2 ]
|
& %‘ 3
T

Figure31 Activ-ReservoifPulseTubeCooler (1drive, 2thermal head, 1l.¢ompression piston, 1.2
expansion piston, 1.3 expansion space, 2.1 regenerator, 2.2 cold2idgewlse tube, 3.1/3.2 pressure lines)

The working principle can be described in four phases.

First, in the compression phase the working gas is moved via hot heat exchanger, regenerator and cold heat
exchanger to the pulse tube by the ascendargpressionpiston. Compression heat is removed in the hot

heat exchanger mainly; a lower part is absorbed in the regenerator so that the gas enters the cold heat
exchanger with almost the same temperature. Due to the adiabatic presstire tesaperature imeases at

the warm end of the pulse tube.

In a second phase, by further ascending compression piston and descending expansion piston the superheate
gas is transferred to the expansion space isobaric. The temperature rise of the first phase is reh@ved in t
expansion pipe pdst

In the following expansion phase the pressure is relieved by further descending pistons. In this way the gas
cools down. The temperature rise at the warm end of the pulse tube is resooyaddtely At the cold end

of the pulseubeand in the cold heat exchanger the gas is alreadganied. The gained mechanical work
supports the compression piston.

In the last phase with a descending compression piston and an ascending expansicheisiinooled

gas it transferred via @ heat exchanger, regenerator and hot heat exchanger to the compression space
isobaric. Heat is removed in the cold heat exchanger and the regeneratooateteFrom this point the

cycle starts again.
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The ARPTC is able to deliver a cooling capacifyl@ W at 80K. The design, mainly the crank shaft, leads
to some drawbacks like frictions losses, high vibrations and noise emissions, which will be avoid in the novel
3-cycle arrangement.

2.3. 3-cycle arrangement

The arrangement is shown figure32. In the case of the 3€TC this mechanical work is directlysed to
support the compressio@onsequently the compression piston of the previous cycle is combined with the
expansions piston of the following cycle to a $ngscillating compressaxpandeunit. The driving force

is generated by linear motors powered by-phase frequency converter; hence the phase shifting is exact
120 degree. Ththreecold pars arecomposed of a hot heat exchanger, a regeneeatotd heat exchanger

and pulse tubm series.

c1 c2 c3
R1 P1 R2, P2 R3 P3
H1l H2 H3
M1 ||s1 M2 ||s2 M3 ||s3
HEl E2 [Es
1-37 index of cycle E 1 expansion space M T linear motor ST compression space
Ci cold heat exchanger H 1 hot heat exchanger Pi pulse tube R regenerator

Figure32 Arrangement bthe three cycles

A fixed phase shift between volume fl ow and pres:c
also leads to a lowoise and lowvibration operation. A patent for this arrangement is already published
[EP].

3. CALCULATION
3.1. Calculation of the thermodynamic cycle
The 3GPTC was designed and modelled by the use of the commercial software package SAGE (Gedeon
Assoc.).The calculation was performedth the parameters shown in Table 1.

Table8: Parameters 3€TC

Parameter Value

cold head temperature 80 K
cooling capacity 1000 W
input power 8.5 kW
re-cooling temperature 323 K
operating frequency 25 Hz
working gas Helium
average pressure 25 bar

Figure33 shows the alculated performance chart of the-BCC. At the nominal colthead temperature of
80K the coefficient of performance (COP) is 12%, which is 33% of the Carnot efficiency. However, even at
a cold head temperature of BShe cooling power is 65%/.
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3.2. Calculation of the linear motors
For the dimensioning and calculation of the linear motongreasisheetool was developed. The calculated
data of the motor performance is showTable 9.

Table9: Parametetinear Motor

Parameter Value
magnetic induction 294 mT
DC resistance 2.6
force coefficient 180 N/A
mechanical power 8.5 kW
efficiency 82%
2.0 - | | | - 20%
18 — Cooling Capacity - ' 18%
1 - - COP - < r
1.6 - < - 16 %
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Figure33: Calculated Performance Chart-83C
4. CONSTRUCTION DETAILS

4.1. Drive

The pressure wave generators are equipped with linear motors of the mmagmet type. Sealing and
guiding are realized with piston rings made of PIdelEban (seeFigure34 a), with the advantage that no
lubricant is needed. Oil deposits in the regenerator matrix which is made of finastwinetmesh (mesh
#320) are therefore avoided.

4.2. Heat exchangers

Hot and cold heat exchangers are slot heat exchanger of the same design with different slot lengths. Wire
erosion was used to manufacture the slots which areniidfigh, leading to large aas for the heat transfer

by small flow cross sectiorrigure34b) shows one of the three hot heat exchangers with the water jacket.
The hot heat exchangers are 8@ long with a diameter of about 16Gm. The coldcheat exchangers are

70mm long; in the experimental model an electrical heater is attached to each cold heat exchanger to
simulate a heat load.
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regenerator

1elium from
' compressor

b)
Figure34: Construction detaijsa) piston with piston rings, b) hot heatbkanger

5. FIRST EXPERIMENTAL RESULTS

The assembling of the 3BTC was completed in springtime 2012. AlBase grid simulator is used for the

fine adjustment of frequency, current and voltage to evaluate the best performance of the linear motors and
the overd efficiency. Later a commercial-Bhase frequency converter is sufficient to operate th&BC.

The first measurements were related to the testing of the sealing and guiding of the pistons to achieve an
optimum between friction and leakage, resultingimaximum pressure wave. In a next step performance
tests will be carried out to determine the minimal cold head temperature and to record a performance chart of
the whole system.

6. CONCLUSION

Theintention was to design a salfistaining cryocoolewhich is not onlysuitable for HT Sapplicationsin

matters of cooling capacity at a certain cold head temperature, but also meets the demands regarding low
maintenance, energy efficient and costs. TheP3C was designed under the aspect to minimize the
materialand manufacturing costs in accordance with a compact dessgshadwn inFigure35 the required
footprint is |l ess than 1 m] with a height smaller
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Figure35. 3CG-PTC
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ABSTRACT

There is a growing potential for possible areas of application for mixed refrigerant cycles (MRC), i.e. in bio
freezing, in cryemedicine, in hisuperconductivity or for the liquefaction of gases. The attractiveness of
MRCs lies in the possibility to employ commercially available standard refrigerant components also for
cryogenic applications. The key to an efficient MRC design is the correctechoio f t he mi xt
composition. Generally, widboiling mixtures are applied with some exhibiting strong-itwalbehaviour

like liquid-liquid-separation (VLLE). This requires exact knowledge of the phase behaviour of the applied
refrigerants in the tempature range of interest. In case of a prerequisite offlaommability currently the

only choice to reach temperatures down to 100 K or below is the combination of fully and partially
fluorinated HC with Argon, Nitrogen and/or Neon.

At ITTK, a test rig ha been built to perform phase equilibrium measurements of binary mixtures in a
temperature range from ambient to X0@nd pressures from near 0 tol®¥s. Two measurement principles

were applied: A static equilibrium cell to measure boiling points azllavith vapour circulation (dynamic
method) allowing sampling of both, liquid and vapour phase. Thus, the complete set of phase equilibrium
data (pT-x-y-data) is obtained. The setup modifications are described and experimental data as well as
models foradequate description of the phase equilibrium data are presented.

Key words: Low temperature phase equilibria, VLE, VLLE, MRC, refrigerant mixtures

1. INTRODUCTION

A steadily rising demand for refrigeration availability in the temperature range abo 200K can be
satisfiedefficiently by employing mixed refrigerant cycles (MRC). Constructed like an ordinary Joule
Thomsoni Cycle, it is operated with a refrigerant mixture usually composed of up to 5 componerte For
prerequisite of noflammability possible refrigerant candidates include HFCs, FCs as well as Argon and
Nitrogen. Due to the use of the mixtureds heat o
pressures can be kept low and standard dfei shelf components can be emd. By choice of a
suitable mixture composition, the temperature glide of the evaporating refrigerant fluid can be extended from
near ambient to the low target temperature (i.e.K)O@s there are no moving parts at the cold end a MRC

is also suitable dr vibrationi sensitive application in electronics cooling as well as foii ht
superconductivity. By application of ndlammable refrigerant components, the fields of dngurgery and

cryoi conservation of biological samples are also accessible. tBacefrigerant mixture displays a liguid

liquid T equilibrium at low temperatures, part of the evaporation takes place at near constant p,T which also
permits the efficient (¢ liquefaction of pure gases on a small scale.

The key to an efficient usefo t hi s technology is the determinat.
composition. While mixture phase behaviour in most cases can be described adequately by use of
thermodynamic models (EOS,F@pproach) these models require experimental binaryepégsilibrium
information in the temperature range of i nterest
literature, reliable data for the envisaged ndlammable mixtures is scarce.

Therefore, the aim of this project is to provide expentakvapouii liquid i equilibriumi data (VLE) of

binary mixtures of potential refrigerant candidates. A general ssquipped with 2 different cell&/as
constructed. For neé&rboiling mixtures at low pressures a boiling point cell was constructedrrifs the
measurement of boiling point dataTpx-data) for binary mixtures. In order to accomplish low temperatures

i n MRCs, however, some mi xtureds components must
for measuring data of mixtures comiag Argon and Nitrogen. This cell features a vapour circulation and
permits the simultaneous determination &f-g-y-data.
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2.

2.1. The Gas Cryostat

EXPERIMENTAL SETUP

The main component of the setup to achieve the low temperatures is the gas ¢rignge®@). It denotes a
volume, insulated against ambient by a doubl@lled vacuum shell and insulation material. The gas
cryostat is filled with GN as heat transferring agent. The centre area provides the space for an equilibrium
cell which is suspended from a top flange. The equilibrium cell is surrounded by a vertical cylinder, referred

to as the Aguiding

vaneo.

Toget her,owatorbidalttrdcle Orv e n't i

its way, the GN passes a copper heatchanger inside which liquid nitrogen (hNevaporates. Hence, heat

is withdrawn from the system and cooling provided. On its way along the outer side of the guiding cylinder,
the flux of GN passes an electric heater to finine the temperature. Ti@&N, then is sucked in by the

bottom ventilator and pushed upwards in the centre part along the equilibrium cell. For the vapour circulation
cell, the gas cryostat is equipped with observation windows on opposite sites. On one side, a light source is
located. It illuminates the cell, enabling observations of the refrigerant mixtures physical phase condition

inside the cell.

Insulation

Flow of GN2
Guiding Vane

Light source \
&

Liquid N2
heat exchanger

r_,
L N2

> /Observer

Observation window

Location for

equilibrium cell

Qel'\EIectric Heating
| ——Vent
otor

Figure36. Schematic of the gas cryostat

With this setup, temperatures of aboutk®@re experimentally acessible. At this level, the temperature can
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Figure37: Course of temperatures in the boiling point cell (a) and the vapour circulation cell (b)

2.2. The Boiling Point Cell

For close boiling binary mixtures at pressures belowars, the boiling point cell was build measure
boiling point data (pr-x-data). The measurement principle demands for the cell to be almost completely
liquid full. If the remaining vapour volume is negligible and if the equilibrium pressures are moderate, the
liquid composition does not digr noticeably from the total composition which was gravimetrically filled in.
Thus, the liquid equilibrium composition is determined from the total composition and the equilibrium is not

disturbed by sampling.

A flow scheme is given irFigure 38(a). The equilibrium cell is placed inside the gas cryostat in the
designated space. Once the cell is evacuated and cooled to low temperature, filling can take place. After
evacuating and flushing the piping several times, refrigerant &roeservoir bottle is first condensed into a
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weighing bottle, placed on a high precision balance (Mettler Toledo Comparator PR2003). A capillary
connection ensures gravimetric separation of t he
measuement, the cell is then filled from the weighing bottle with the first component. Next, conducting a
pure substance vapour pressure measurement ensures the purity of the refrigerant used. The pressure
measurement is performed alike for pure substancesmartires using the following steps. On the
ifsecondaryo side of the dead weight gauge, pres:
pressure than in the equilibrium cell. To achi e
isecoondpmrregssure side are connected by a high sens
3051CD) with a range of 0..36ibar. Once the differential pressure transducer senses the slight overpressure
on the fAsecondaryo niftrtolpenfise dendarhyeo exiadkd d sv ap rue
dead weight gauge (Pressurements T3500) and a barometric pressure transd@aeprfiéger). During
these measurements, the cell s temper at urdsetiofs con
simultaneously taken ipT 1 data is then compared to the Refprop datalpakeaken as the standard.
Deviations of the pure substance vapour pressure were below 1% compared to the reference data (purity of
substances at ea st 3.0 grade). By <changing the first [
composition, the purity of both components could be monitored during the course of the experiments.

Once the purity was assured, the second component was condenseddatiatiher thoroughly flushing the
refrigerant supply side from the first component. With experimental skill, the challenge was met to fill the
cell almost completely liquid full such that the remaining vapour volume did not alter the liquid composition
from the total composition within an admissible value setrasl%.

Due to the low temperatures, complete mixing takes a long period of time. To accelerate this process, a
driver on the outside moved a magnetically coupled agitator vertically on the afigige cell. During this

process at constant temperature, the pressure signal was monitored. Usually aftem8.dtange was

detected anymore and thus, complete mixing and thus equilibrium was assumed and a pressure measuremen
of the mixture conducteas described above.

The range of application for this setup reaches from ambient to ab&ua®0owest temperature and from

almost 0 to 3%ars, limited in pressure only by the dead weight gauge in use. The single values bf the p

T1 x1 dataset coulthe determined with the following precision: for pressures abovenb24 the relative

deviation was less than%, in temper at urreK firthe emtaesrangeeasdsn campasition N5 0
it was chosen such that the relative deviation ranged belmal% (i.e. mixture composition between 10

and 90mol%).

Differential
. — Pressure
[— Transducer

To dead weight gauge I Pressure

€ - / Registrator
Precision Balance, " Valve
charging of *—@‘

refrigerant
components A

Vacuum
Insulation —\X Y pump
Filling capillary PTFE
Liquid level shell
Equilibrium Cell

Vertically
Pt100 temperature moving driver
sensor for agitator
Magnetically

coupled agitator

/ Flow of GN2

Figure38: Scheme of the boiling point cell (a) and scheme of the vapour circulation cell (b)

2.3. The Vapour Circulation Cell

As the MRC process is based mainly on the oswidei boiling multii component refrigerant mixtures,
there was the necessity to determine phase equilibria ofividdéing binary mixtures such as partially
fluorinated ethanes mixed with Argon or Nitrogen. From different cell types reporte@rature[2], the
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