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1. Introduction

1.1 Content of the conceptual design

The scope of the contract is to design, manufactoeasure, deliver, install and commission
the superconducting dipole magnet for CBM experina¢i-AlR.

The Budker INP agrees to satisfy to the main patars@f the superconducting magnet for the
CBM presented in “Collaboration Contract CBM MagmdtNP Annex3 specifications”, design,
prototyping, production, delivery, assembly anditgsof the complete Dipole Magnet for the
CBM experiment and tools necessary for its trarnsgtorage and assembly Acceptance Test at the
Customer’s Site and Commissioning of the CBM suprgccting magnet for the FAIR including
extent of delivery, general conditions of the Caaty General mechanical requirements, general
manufacturing standards, instrumentation and, decation.

The conceptual design report should present thewolg items:

- Magnetic field calculations;

- Design of superconducting cable and coill;

- Quench calculations;

- Stress calculations, including all mechanicaldtires;

- Design of cryogenics including the cryostat, mubox, feed box and cryogenic lines.

1.2 Preamble

The superconducting dipole magnet will be installethe CBM detector at FAIR. The magnet
provides a magnetic field integral of 1 T*m whichneeded to obtain a momentum resolution of
Ap/p=1 % for track reconstruction at FAIR beam ererg

The magnet gap has a height of 140 cm and a wid#® cm in order to accommodate the STS
with a polar angle acceptance of 25° and a horataxtceptance of 30°. The magnet is of the H-type
with a warm iron yoke/pole and cylindrical superdoating coils. The potted coil has 1749 turns. The
wire — similar to the CMS wire — has Nb-Ti flamsm@mbedded in a copper matrix with a total Cu/SC
ratio of about 13 in the conductor. The operatingent and the maximal magnetic field in the cails
686 A and 3.25 T, respectively. The coil case nadgainless steel contains about 20 | of liquitiume
for one coil. The vertical force in the coils isoalb 250 tons. The cold mass is suspended fronothra r
temperature vacuum vessel by six suspension liSks.cylindrical support struts compensate the
vertical forces. The energy stored in the magnabaut 5 MJ.

1.3 General requirements

The scope of delivery includes:

- Magnetic and engineering design of the magnédtdneg all necessary tools, dimensioning
calculations for stands and lifting units, etc;

- Engineering design of the Feed Box and the Br&whincl. the cryogenic connection line;

- Production and delivery of the magnet (consistihgoke, cold masses and cryostats,
alignment components, Feed box and stand), thecBrBox, the cryogenic connection line and all
tools;

- Engineering design, production and delivery @& Bower Converter;

- Transportation of all components to site, comgbletsembly and the preparation of
installation;

- Documentation.
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1.4 General parameters

The following list contains the mandatory requipadameters of the CBM dipole magnet:

Geometry

- Opening angle: £25° vertically, = 30° horizonyalilom the target

- Free aperture: 1.44 m vertically x 3.0 m horizdlgt no conical geometry.

The Silicon Tracking System (STS) and its serviggisoccupy all available space in the
aperture, from left to right vertical yoke. It remgs also space between lower coil and the vertical
yoke bar, for detailed description see appendochepter 10. Distance target- magnet core end: 1m
(STS detector must fit in).

- Total length: 1.5 m

- Free space upstream of the magnet: >2 m

- Field integral within STS detector (along strdifjhes): 0.972 Tm -> max. Fiekd1 T,
depending on the magnet length

- Field integral variation over the whole openimgke along straight lines: 20% (+ 10%)

- Fringe field downstream < reasonable value ofotfuer of 50 to 100 Gauss at a distance of
1.6 m from the target at the position of the fR$CH box (RICH only).

Operating conditions

- Operates at both polarities

- 100% duty cycle, 3 months/year, 20 years

- No real time restriction on the ramp: 1 hour amp

- Radiation damage (<10MG for organics): no problem

- Radiation Energy deposit in the cryogenic systerax. 1 W

Assembly

- Field clamps dismountable for MUCH

- Assembly in situ

- Weight restriction: crane 30 tons (includingitif§ jacks)

- Maximum floor load: 100 tons/m

- Beam height over magnet base: 2.7 m

Alignment

- Position accuracy: £ 0.2 mm

- Orientation accuracy (roll): £ 0.5 mrad

The requirements given above are mandatory.

2. General design

2.1 The magnet design

The conception of the total design of the CBM mags@resented in the Fig. 1. It consists of
the iron yoke, the superconducting magnet and tyestat.

The iron yoke serves as a construction frame femtlagnet and systems of the detector. Total
mass of the iron yoke is about 140 tonnes. It hpegial tools for adjusting its position in all
directions. The yoke is assembled of iron blockegiritamasses in the range between 3 and 13.6
tonnes. The material of the blocks is a kindstael 20in Russian specification. The yoke blocks
may have different magnet permeability, so theylmamade of different steels, it will be discussed
in the chapter of the magnetic field calculations.

The superconducting magnet is designed of two agghisuperconducting coils symmetrically
placed in the detector close to the top and botdmeks of the iron yoke. Such configuration
represents a dipole magnet. The coils are placathdrthe taper blocks of the iron yoke which may
be called as poles of the magnets. The distanseebatthe poles is 1440 mm. Total view of the
upper coil is shown on the Fig. 2.
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Cryostat

Iron Yoke

Magnet

Fig. 1 Total view of the CBM magnet.

Vacuum vessel

GHe 50 K
tube

/ LHe 4.5 K Radiation shield o
SC cable tube SC W|nd|ng

Fig. 2 Total view of the upper coil of the CBM magn
The superconducting winding is embedded in LHe casée of stainless steel. The LHe case is
surrounded by copper radiation shield cooled byK5B8elium. This case should be covered by

6



CDR report for CBM magnet Page 7 of 40

aluminum foils in order to reduce its thermal envi$g. The radiation shields will be covered by
multilayer insulation up to 20 layers. The coilsisspended inside the vacuum vessel on six struts.
Six cylinder supports withstand attracting vertiftate of the charged coils towards the taper iron.

The support struts design is shown on the Figherd are six support struts will be used. Each
support should withstand compressive force up tot@thes. They are consisted of cylinder
composite and stainless steel (a kind of 316LNréggpable on yield strength) coaxial tubes. The
material of the composite is a kind of G-10. Thelyl give major part of the heat loads on the
cryogenic system. The hot spots on the LHe caseldtie taken into account in the design. It will
be also important to reduce emissivity of the cosieacylinder by gluing aluminized Mylar foils.

AA(1:1)

A —=j

A —=y

Fig. 3. View of the support struts. It consistdwd G-10 cylinders and one cylinder of stainless
steel.

2.2 Superconducting coil design

The total view of the superconducting coil as alaolss at 4.5 K is shown on the Fig. 4. The
parameters of the superconducting winding aredistehe Table 1.

The winding will be made of two pieces of the sgpaducting cable having length of about
4.5-5 km. One splicing will be made during a winding@gedure using soft soldering on a base of
PbSn alloy. The splicing place will be positionedtbe opposite site of the winding with respect to
the winding site touching the LHe case where thmpett dimples are made. Now it is discussed to
make dry winding in special winding tools, afteistthe coil winding will be impregnated by epoxy
resin separately from the LHe case as proposdtkifDR. Fine powder of AD; is often added to
epoxy resin that improves thermal parameters okgpompound. Such technology is widely used
in BINP.

The LHe case made of 316LN stainless steel is dedi¢p withstand large vertical forces from
the charged coils and from internal pressure duaingench. The thickness of the walls of this LHe
case is from 20 to 30 mm. The yield strength ofl3l@t 77 K is 1400 MPa [lwasa, p. 638].

The flow of 4.5 K liquid helium in the LHe casesshematically shown on the Fig. 6. Liquid
helium should enter the case via one tube andwxitinother. It will be made a wall of G-10
composite to prevent immediate flow of liquid helidrom one tube to another around the welding
place of these tubes to the LHe case. These tublebenplaced differently for upper and lower
coils of the magnet in such a way that the exietabould be placed at highest position in the LHe
case. In this case most part of gaseous heliumewilithe LHe volume. Accumulation of gaseous

7
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helium especially in the upper coil is very undaisie because it will increase temperature in the

hot spots around the support struts. Heat tramsfefficient for gaseous helium is at least 10 times
lower than for pool boiling liquid helium.

Support dimple

SC winding

Fig. 4 The superconducting coil in the LHe case.

Splicing

Beginning of winding

End of winding
Fig. 5. Design of the CBM coil winding.
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Fig. 6. Schematic view of liquid helium flow in tihéie case of the coil.

Table 1 Superconducting winding parameters

Coils parameters Values
Inner radius of the winding, mm 1390
Cross section sizes of the winding:

height, mm 131

radial length, mm 158
Number of turns in one coil 1754
Number of layers in one coil 53
Interlayer insulation, mm 0.3
Operating current lo, A 686
Test current, 10*1.2, A 823
Magnetic field on the coil Bmax, T 3.25
lo/Ic ratio along the load line, % 52
lo/Ic at fixed B, % 25
Operating temperature, K 4.5
Temperature of current sharing, K 6.84
Stored energy of the magnet, MJ 5.1
Stored energy of the magnet at the test current, MJ 6.4
Cold mass of one colil at 4.5 K, kg 1800
Cold mass of one winding, kg 790
Inductance of the magnet at full current, H 21.2
E/M ratio for two windings, kJ/kg 3.2
Mutual inductance between the coils, H 0.21
Vertical force on one coil toward the yoke, MN 2268 if only one coil charge}
Vertical force on one coil toward the yoke at testtcurrent, MN 3.3 (3.Bonly one coil charge}

The parameters of the superconducting cable aresahee which were specified in the TDR
except the cable length, see Table 2. BINP proptsesake superconducting winding of two
pieces as stated above. It will give more convergens in producing the cable for BINP
subcontractors as in manufacturing of the supenesctny coil.

The superconducting cable will be produced of NBUiwire of(J1.2 mm by co-extrusion into
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a copper matrix to have high Cu/NbTi ratio as gh®wn on the Fig. 7. Working point is shown on
the load line for the CBM magnet, it corresponds 325 T of magnetic field, see Fig. 8. Thi.l
ratio and other critical parameters of the wiretaeesame that were proposed in the TDR.

Table 2 Superconducting cable parameters approyeshbufacturers in May 2017

SC wire parameters Values
Rectangular bare/insulated sizes:

a, mm 2.02/2.62

b, mm 3.25/3.85

facets radius, mm 0.45
Cable total length, km 8.6
One piece of the cable length, km 5
Cu/NDbTi ratio >9.1
RRR >100
Filament diametefim 3H1
Number of filaments 620
Filament twist pitch, mm <45
Cu+NbTi cross section area, fim 6.342
NbTi cross section area, Mm <0.628
I. (5T, 4.2 K), min A/ 1754
lc(45K,3.3T), min A 2358

Q% insulation copper

NbTi

2.07
2.67

3.23

3.89

Fig. 7 Cross section of the proposed SC wire ferGBM magnet.
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4x10°

3.5¢10]
3><103
2.5¢10]

2x10]

Current, A

1.5¢10]
1x10° ././‘/‘
500

2 2.5 3 3.5 4 4.5 5 5.5 6

B, Tesla
Fig. 8. Load line of the CBM magnet at 4.5 K.

2.3 Cryostat design

The CBM magnet will be supplied from external crgoig station with helium of 4.6 K at 3 bar
and helium of 50 K at 18 bar. The magnet itsell b filled with liquid helium from the cryostat
placed on the top of the iron yoke as shown orfFtgel. The design of the cryostat is shown on the
Fig. 9. The volume of the liquid helium will be aliod0 I. The level of liquid helium will be
controlled to contain about 20 | of liquid heliuithe LHe volume will be filled from the Feed Box
via the phase separator.

The cryostat also has ports for vacuum measureamehinitial pumping of the magnet and the
Feed Box.

The current leads are designed for the currentoup kA. Some part of the gaseous helium
entering the cryostat will cool these current ledidadditional gas will be needed then a heatey ma
be installed.

The neck of the cryostat serves for various purpoSa the warm part of a rapture diaphragm,
valves for connection with multipurpose line, coctiens for measurements and filling of liquid
helium in the BINP tests will be placed.

The radiation shield of the cryostat will be cool®dreturn line of the gaseous helium at about
55 K of temperature. The direct line of 50 K helishrould directly go to the magnet for cooling its
supports and the radiation shields.

The radiation shield of the cryostat will be sugpethon ball supports made of a kind of G-10
composite. The outer surfaces of the shield wilttreered by multilayer superinsulation. .

11
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Current lead

Vacuum volume

Feed Box connection

50 K helium tube

4.5 K Helium
return tube

Radiation shield

LHe volume

Fig. 9. View of the cryostat top of the CBM magnet.

LHe volume
neck

Phase

Connection separator

with magnet

Fig. 10. Cross section of the cryostat.

12



CDR report for CBM magnet Page 13 of 40

3. Design calculations

3.1 Magnetic field calculations

The magnetic field calculations should present thatgeneral design of the magnet gives the
desired parameters of the magnetic field listethenspecifications, and results of forces acting on
the yoke blocks and the magnet.

The 3D calculations were made in COMSOL code, 2Butation in ANSYS. The iron yoke
steel was chosen as Steel1010 (as Russian spgeifichat corresponds to Steel 1020 of USA and
Steel 1.0402 of Germany). The taper part of theeyiska kind of ARMCO Steel or Steel 08kp (as
of Russian specification, which corresponds toISt868 of USA and Steel 1.0322 of Germany).

Multistl:ice@ Magnetic fluxidensity norm (T) )
: : 2

- A 4.02

2.5

1.5

¥ 2.58x107°

Fig. 11. Magnetic field distribution in the 3D made

The magnetic field distribution along the centiaklof the detector is shown on the Fig. 12.
The integral from the target along the central 1§16.886 T*m in the length of 1 m.

The forces on the coils and the taper iron wereutaled in the ANSYS 2 D model. The
accuracy of the values of the forces is about Sbithaccording to calculations in the TDR.

13
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0.9

0.8

0.7

0.9

0.9

B, T

0.4

0.3

0.2

0.1

-0.1

0 1x10° 2x10° 3x10° 4x10° 5x10° 6x10° 7x10° 8x10°

S, mm
Fig. 12. Magnetic field distribution along the lirem the center of the magnet detector. The
integral in the vicinity of the center along thedi: 0.5 m is 0.895 T*m.

Results of the magnetic field calculation:

- influence of different steels having various peatility is shown;

- Vertical force on one coil toward the yoke is 228 if only one coil charged) MN and is 3.3
(3.5 if only one coil charged) MN;

- force on the iron tapers is about 300 t at 688Adrd the center of the detector, and about 370
t at test current;

3.2. Mechanical calculations

The mechanical calculations of this CDR include:

- deformation of the iron yoke after allied foreerh attracting taper iron parts to the center of
the magnet, Fig. 13, Fig. 14;

- influence of buckling atmosphere pressure onvdwium case of the coil, Fig. 15 and Fig. 16;

- results of internal pressure up to 20 bar at reemmperature inside the coils stainless steel
case, Fig. 17 and Fig. 18;
- results of compressive force on the supportstrut

14
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Fig. 19 and Fig. 20;

Fig. 13. Deformation of the iron yoke from the feran the taper iron without back force from the
coil (worse case).
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Fig. 14. Deformation of the iron yoke from the feran the taper iron without back force from the
coil (worse case). The maximal deformation is Grim.

16
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Fig. 15 Influence of buckling atmosphere pressuréhe vacuum case of the coil — von Mises
stress in MPa.

Fig. 16. Influence of buckling atmosphere pressur¢he vacuum case of the coil — deformation,
mm. Maximal deformation is 0.0647 mm.
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Fig. 17. Result of internal pressure increasingoupO bar — von Mises stress

i e

Fig. 18. Result of internal pressure increasingoup0 bar — deformation in mm.
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Fig. 19. Von Mises stress in the support strutgpatication of 3 MN vertical force. The maximal
stress is in the stainless steel cylinder of thgpeu which is 219 MPa.

Fig. 20. Support displacement after applicatioBMN of the vertical force.

Buckling forces on the supports:

F, = CE—F2 [(E LD, where C — coefficient depending on the fixatiéthe ends of a beam, L —
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length of a beam, E — Young modulus,gz(df —dj) - radial inertia momentum of the hollow

cylinder.

3.3. Heat load estimations

The results of the heat loads estimations are pteden the tables below.
Estimations of the heat loads to 4.5 K helium

The thermal radiation on the LHe coil cases waisnaséd as:

Q =€SoT* wherese - total emissivity was taken as 0.02, S — surfaea of the LHe case is 4.2
m?, T — radiation shield temperature was taken a&.60

The heat load from the support struts for G-10 eleimwas estimated as:

Q =AS*ATI/L, whereA - thermal conductivity was taken as 0.3 W/(m*K);- 8ross-section area
is about 9.1*10 m?, AT — temperature difference was taken as 60 K, éngth is about 0.16 m.

The heat load from the tie rods was estimated as:

Q =AS*ATI/L, whereA - thermal conductivity was taken as 0.15 W/(m*&);- cross-section
area is about 1.1*Tbm?, AT — temperature difference was taken as 60 K, éngth is about 0.25
m.

Joule heat in the soldered splices was estimatezbfdering on 5 cm of length and resistance
will be about 5*1¢ Ohm and at 686 A of current.

208 K

Fig. 21. View of the cold mass of the magnet cotatkby tie rods and support struts to the vacuum
vessel.

Table 3 Heat loads on 4.5 K helium from both caitsl the cryostat

Heat load from Values
Thermal radiation on the LHe case, W 0.12
Support struts, W 13

Tie rods, W 0.05
Soldering connection of the cable (at least 6 séplites), W 0.12
Thermal radiation on the cryostat, W 0.015

20
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Cryostat suspension, W <0.1
Current leads, W 0.5
Measurements wires, W <0.1
Heat bridges of the cryostat neck and others cdiome; W <0.1
Total, W ~14.1

Hot spot by the support struts

The support struts give largest part of the mageat loads. The superconducting winding will
press the LHe case exactly opposite these stridSYAS calculations were made to see the possible
hot spots in these places on the LHe case. Thégaedithe calculations are shown on the Fig. 22
and Fig. 23. The model is of axial symmetry alon@x(s. The bottom is the stainless steel case
cooled by helium of 4.5 K temperature. The modelasse case with respect to 3D model because
the heat flow goes only in one direction, i.e. lassa of LHe case cooled by liquid helium is taken
in the 2D model. Two temperatures were fixed: 29atkhe top of the support and 55 K at the
place of the thermal connection with the radiasbreld of the magnet.

The temperature distribution in the Fig. 22 is whbka LHe case is cooled by helium at 1
kW/(m?*K) of the heat transfer coefficient that respettisa nucleate boiling condition in large
volume.

The temperature distribution in the Fig. 23 is whke LHe case is cooled by helium at 30
W/(m*K) of the heat transfer coefficient that respetiscooling by gaseous helium at natural
conditions. The effect of the copper foil not cabley LHe placed between the LHe case and the
spacers is shown on the Fig. 24.

Fig. 22. Temperature distribution in the suppanitstat bulk temperature of 4.5 K and the heat
transfer coefficient of 1 kKW/(RK).

21
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Fig. 23. Temperature distribution in the suppamststat bulk temperature of 4.5 K and the heat
transfer coefficient of 30 W/(fiK).

Cu foilof 1 mm §

Fig. 24. Temperature distribution in the suppanitstat bulk temperature of 4.5 K and the heat
transfer coefficient of 30 W/(fK). The copper foil of 1 mm thickness is placedvibeen the
winding and the G-10 spacers.

22
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Estimations of the heat loads to 50 K helium

The thermal radiation from the vacuum vessel orrdld@tion shields covered by multilayer
insulation may be estimated as:

Q = g*S, where, S — surface area of the shieldsSsif, q — experimentally determined heat
flux, its typical value is about 1 W/m

The heat load from the support struts for G-10 eletsiwas estimated as:

Q =AS*ATI/L, whereA - thermal conductivity was taken as 0.5 W/(m*K);- $ross-section area
of one support strut is about 9.1¥10n%, AT — temperature difference was taken as 220 K, L —
length is about 0.16 m.

The heat load from the tie rods was estimated as:

Q = AS*ATI/L, whereA - thermal conductivity was taken as 0.15 W/(m*K)—- cross-section
area is about 1.1*1bm? AT — temperature difference was taken as 220 K, length is about
2*0.15 m (two cylinders).

Table 4 Heat loads on 50 K helium from both corld ¢he cryostat

Heat load from Values
Thermal radiation on the shields from the vacuusset W 10
Support struts, W 38

Tie rods, W 0.5
Thermal radiation on the cryostat shield, W 1.5
Cryostat suspension, W 2
Current leads, W 50
Measurements wires, W 0.5
Heat bridges of the cryostat neck and others cdioms; W 1
Total, W ~ 104

*) It will be corrected after detailed design oétburrent leads

The estimation of heat loads from on the Branch, Bloe Feed Box and on the transfer line are
presented in the Table 5 and Table 6.

The thermal radiation on the surfaces at 4.5-4v8aK estimated as:

Q =€SoT* wheree - total emissivity was taken as 0.03, S — surfaea of the BB, FB and the
transfer lines surfaces at 4.5 K is about? Tn- radiation shield temperature was taken a§.60

The heat load from the control valves was estimatedxample of Weka valves of DN15 size
as:

Q = N*Q,, where N — is the number of valves, in our cad®iQ, — the heat load from one
valve specified by manufacturer, which is in ousecabout 0.8 W.

The heat load from the check valves was estimaied a

Q =AS*ATI/L, whereA - thermal conductivity of stainless steel tubed ballows was taken
average as 3 W/(m*K), S — cross-section area istab® m?, AT — temperature difference was
taken as 60 K, L — length is about 0.2 m.

Table 5 Heat loads on 4.6 K helium from the BraBolk, the Feed Box and the transfer line

Heat load from Values
Thermal radiation on 4.5 K surfaces from the slsi@d the FB and BB, W 0.15
Supports and suspensions, W <2
Control Valves, W 15.2
Check Valves, W 0.9
Measurement wires, W <0.01
Heat bridges of the cryostat neck and others cdioms; W <1

23
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| Total, W | 19.26 |

The thermal radiation from the vacuum vessel orrdld@tion shields covered by multilayer
insulation may be estimated as:

Q = g*S, where, S — surface area of the shields7isif, q — experimentally determined heat
flux from room temperature via multilayer insulatjats typical value is about 1 W#m

The heat load from the check valves was estimaied a

Q =AS*ATI/L, whereA - thermal conductivity of stainless steel tubed ballows was taken
average as 10 W/(m*K), S — cross-section areadsitab0® m?, AT — temperature difference was
taken as 220 K, L — length is about 0.2 m.

Table 6 Heat loads on the 60 K helium (return liinein the Branch Box, the Feed Box and the
transfer line

Heat load from Values
Thermal radiation on the shields from the vacuusset W 7
Support and suspensions, W 20
Control valves, W 38
Check valves, W 11
Measurement wires, W <1
Heat bridges of the cryostat neck and others cdiome; W 5
Total, W 82

As a conclusion, total heat load for the CBM daiect

for 4.6 K helium is Q = 33.4 W; for 50 K helium @ = 186 W,

The mass rates at normal operation are G&hQ/

G =1.7 g/s for 4.6 K helium;

G = 1.8 g/s for 50 K helium which is heated fromt6®9 K,Ah = 105 J/g. Some part of this
rate will be excluded for the current leads coalimgfurther estimations it will be assumed thét al
of 1.8 g/s will go through the return cooling line.

3.4 Quench calculations

The quench analysis evaluates behavior of the sapéucting coils during a quench to give
maximal temperature in the hot spot, voltage inigewinding, etc.

Its worth to evaluatstability parameter®f the CBM coils prior the quench estimationsythe
allow to see the impact the big amount of the cogtabilizer in the SC wire.

The minimal length of the normal zone propagatioa ISC wire is

L= /2)\— (TCJZ_T"j where A - thermal conductivity coefficient of the copperatmx, p -
pPJe

electrical resistivity of the copper, Jc — curratgnsity, Tc and To — critical and operation
temperature of the wire.

_ \/ 24004
10™° .77 10"
Minimal energy for the normal zone propagation:

E =CyAT,, /2)\— (TCJZ_T"j , Where § - heat capacity [J/(kg*K)], A — cross-section acddhe
pJe

wire, T,y — average temperature of the temperature rise.

=0.073 m.
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240004
10™° [7.7* 10"
the wire of the CBM magnet coil to be normal, assiseveral orders more than in conventional
superconducting magnets having wires with NbTi/@iprabout 1. So, one may conclude that the
training of the coils during the first ramping uglwake not much time, or it may not occur at all.

E =2700010°° mq/ = 7.9 mJ. This is valuable amount of the energgnake

Uniform dissipation energy in one coll

The uniform dissipation of the stored energy in @oé is described in the TDR [1] that is
according the current design of the CBM magnet.tHe@hange between the winding and the
stainless steel case was not counted. In thiswadeve:

- E/M ratio is about 6.5 kJ/kg;

- coil temperature after such uniform quench waldbout 90 K;

- resistance of one winding after such quench ey Ohm;

- characteristic time of the current decay is alddus (L/R);

- the estimated voltage inside the winding, retatine case when a quench started inside the
coils (non-uniform quench), is about 1.3 kV;

- the thickness of interlayer insulation is abou® @nm, assuming breaking voltage for
insulation of 10 kV/mrfi— among the lowest values, we have safety fatteaat 9/1.3 = 7 for the
breaking voltage.

Hot spot temperature estimation

After appearing of a hot spot causing a quenchilitos the hottest place of the superconducting
winding after the total current decay. Its tempamatcan be estimated according the following
evaluation. Consider a part of the SC witd- which becomes normal. Joule heat will go to
increasing the temperature of the considering nd@dsof Al length of the SC wire. The current
goes only through the copper matrix which resisgtanf three orders lower than resistance of the
superconductor. In adiabatic condition the curgaihg through it generates Joule heating:

R(T) O (t)dt = m [T, (T)dT

p(T)SA—' 07 (t)dt = Al (S [T, (T)dT,
Cu
where | [A] — operating current (I = J&9, Scu — area of the copper matrix, J [Aa current
density,y [kg/m’] — material density. It is assumed that the wH@ wire is heated, not copper
matrix only. So, S is the area of the whole wirer B quench analysis it is useful to have the
following form of the integrated equation which Make used in the temperature estimations:

T
u(T) = '[ YC, (T)dT _ Sc, Eﬂg(t) At
4'2 p(T) S

whereA - SC/Cu ratioAt — integrated time of the current decays-jcurrent density magnitude
in the copper matrix at the beginning of a quenCk(T) — mass heat capacity [J/kgi(T) —
electrical resistance of the copper matrix. The )Ufegrated function is shown on the Fig. 25
below. TheAt time may be considered as suntghndt/2, wheret/2 is half of the characteristic
time of the current decay. Thegis time of the normal zone spreading without \esikurrent decay
that is at the beginning of the quench. T time relates to decaying current with an exponen
coefficient oft ~ L/R.
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Fig. 25. The U(T) function in Sl units An*s).
So, at uniform quench at nominal current 686 Ailt be:
_Se, _ 572 6862 4, _ 6 2 4 L .

U(T) = < D2(t) At = a[—lﬁﬂol B = 6.5*10° A%m™s. So, it gives the uniform

temperature after a quench about 110 K. The winghsglation is not included in this estimation.

In order to estimate the hot spot temperatureghiene should be estimated. Taking the results
obtained below,

Taking To time as 3.5 s it will be 8.5 s for ti time, and U(T) = 1.1*18 A¥m*s, and the
temperature in the hot spot will be not more tha@ R in this rough estimations.

Existence of the secondary circuitdescribed belowreduces the amplitude of the current

density by a factor of% +7. it will be as 10/11 = 0.9, so U(T) = #9.1*10%° = 9*10®
1 2

A?/m*™s, and the maximal temperature in the hot spdtlvlabout 190 K.
Normal zone propagation velocities

The velocity of the normal zone propagation aldmgwire [M. Wilson] is

J / L [T . . . .
=2 ﬁ , where J— engineering current densifyC — heat capacity [J/#K)], Lo =

vV, =
pC
2.45*10% W*Q/K?, Ts— average temperature of heat generatigr, dritical temperature of NbTi.
* 7 —4
vV, = 77710710 1/ 24507 _ 7.3 m/s, so it will take about 0.67 s for themal zone to go
2700 96-7
around one turn of the coil.
The velocity of the normal zone across the wire estimated in 2D model using ANSYS,
as shown on the Fig. 26. The heat generation imdrmal wire was set 2.2*f0nv/m®, at was
assumed that in the neighbor wire it was the samaé deeneration at the temperature of 7 K.
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5 ' 10 i 20 o 50
Fig. 26. Normal zone propagation in the windin@ calculations. Here time after start of the

guench is 0.53 s, the quenched wire is in the cerfitdhe red zone and its maximal temperature is
18.6 K.

The velocity across the wire was about 0.05 m/ss T low value, because typically such
velocity has some 1-3% from the, walue, as it mentioned in literature for convehien
superconducting magnets. The reason is to high atradtthe insulation between the layers of the
winding. This velocity is also slightly faster fardirection along the layer. The maximal time for a
normal zone going from thelayer to the 5% is 0.159/0.05 = 3.2 s. So, the totaltime will
consists of half time of the normal zone distribatalong the wire is ~ 0.3 s and of 3.2 5 = 3.5
S.

It is worth to note that if the normal zone stadgpropagate in the™or 53¢ layer, depending
on the coil, the normal zone will reach the neightuml.

Effect of a Secondary circuit’s protection

This method is described in literature [M. Wilsocad elsewhere. During a quench in all
circuits in the magnet system eddy currents apgday may significantly decrease the amplitude
of the decaying current in the superconducting reagnd some part of the stored energy will be
dissipated in them. The taper part of the iron yakié work as that secondary circuit, and how
much will be shown below.

The first circuit is the superconducting magneg, $kecond one is any circuit with low electrical
resistance, Fig. 27. At the beginning th@=l0) = | and k(t=0) = 0.
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Fig. 27. Scheme of the coupled circuits.
The equations to be solved are:
dl dl dl dl
IR, +L,—2+M—2=0; I,R,+L,—2+M—1=0
T dt dt 202072 dt dt
The result of the solving [Z]:
I
0 - [(Tl -1)Eexptt/t) +(t, —1,) [expl t/TS)],

"L -1 [(r, + 1) BxpEt/1,) - (1, +1,) ExpEt/1,)],

I1
L

2
where T, =i, T, =i, T =T +T,, 1= elnt, ,  €=1-
Rl RZ Tl + T2 L1L2
inductances. R- resistance of the superconducting magnget; Rsistance of the secondary circuit.
M;i, — mutual inductance. The time is “long” time having sense of the total ents decay. The,
time is “short” time having sense of the curreansition from primary circuit to the secondary one.
If the value ofts is low, what happens at good coupling betweercitoeiits, the amplitudes of the

currents will be:
T, T, N, , .
l,, and I, = —=+1,, where N and N is the number of turns in the
T1+T2 T1+T2 N2
corresponding circuits (N= 1 in our case).

The most important is that the valuetgfshould be as large as possible in order to dezitbas
amplitude of {, what is seen in the results of the equations.

.Lland L -

Il

Estimation ofz, of the iron taper inside the coils

The 1, characteristic time of the current decay is evaldias L/R ratio. Eddy currents go non-
uniformly in such taper having increasing curreensity towards outer circumference.

The estimated inductance with ANSYS is about 7%HD

The estimated resistancepat 8.6*10% Q*m at 273 K for iron is about R = 6.4*T(.

So, the characteristic time is abaut=1 sfor one taper. In our case we have two taper wgrki
. . , . Lo dl dl
independently, it means that the first equation kgl written as:l,R; + le_tl +2M th =0 and

2

. It means that the current rise in the

the coefficiente in the short time will be highee =1-
1=2

iron taper will be faster.
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Component properties

Property Stainless | GFRP Coils Epoxy
steel material

Thermal 1.02 10° 1.2 10° 1.2 10° 1.2 10°
expansion
coefficient,
K-l

Shear 7.510° 4.0 10 1.9 106° 4.0 10
modulus in
xz plain, Pa

Young 2.0 10° 1.8 106° 4.1 16° 9.0 10
modulus y
direction,
Pa

Thermal 1.2 10° 1.0 10° 1.57 10° 6.0 10°
expansion
coefficient
y direction,
K-l

Thermal 1.2 10° 1.6 10° 9.2 10° 1.6 10°
expansion
coefficient
Xz plain,
K—l

Young 2.0 10° 2.2 10° 8.6 10° 1.8 106°
modulus xz
direction,
Pa

Results of the quench estimation:

Maximal hot spot

Heat transition between the coil and the st stes¢c

Eddy current in the st steel case

Quench heater should be more than 8 cm of length

Point of discussion — thickness of the interlayesuiation, may it be decreased to 0.1 or 0.2
mm?

3.5 Quench protection system

4. Cryogenics of the CBM detector

4.1 Cryogenic diagram

The cryogenics diagram of the CBM magnet is preskon the Fig. 28. The cryogenics of the
CBM detector consists of the Branch Box (BB), theed Box (FB), the cryostat of the CBM
detector and the cryogenic transfer lines. Thetlen§the transfer lines between the BB and the FB
Is about 30 m.
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For the transfer line the most tubes were chosdmet®N15 STD, so OD = 21.34 mm, ID =

CDR report for CBM magnet

15.8 mm.

The parameters of the cryogenic valves are listatie Table 7. The valves are of PN25 type —
nominal pressure of 25 bar, they should have d&hgé for a heat load interception along its stem.

The parameters of the valves are estimated abtlweving conditions:
- maximal heat loads for the CBM detector 60 W.&tKl and 3 bar, so G = 2.8 g/s = 10 kg/h;
and 190 W at 50 K and 18 bar, so G = 1.8 g/s /b,
- maximal heat loads for the HADES detector 150tW.8 K G = 6.9 g/s = 25 kg/h;
and 400 W at 50 K and 3 bar, so G = 3.8 g/s = kg/k.

(The mass rate G was estimated via enthalpy difterass Qth.)

IR . and for JT valves is:
pg mp [])1

L, where G — mass flow rate [kg/h]; pnd T, — upstream pressure [bar] and
257, || P,

Valve coefficient for the control valves, =

\

G

G

514
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temperature [K]Ap — pressure difference between the valves, takéhCd barpy — gas density at

normal

conditions [kg/f).

Table 7 Cryogenic valves list.

Valve | Valve purpose, Kv, | Kvs| DN, | Gop, 9/s| Pop, bar| Top, K Position

Couplings max mm without
electricity

QN1 | Open at all operating mode$.14 15 25-1.2|70 Open

QN2 0.051 15 1.3 6

QN3 1.32 15 2 70

QN4 0.071 15 2 4.5

QN5 0.052 15 3 4.6

QN6 | Reduction to 3 bar 0.010 15 18- 3 50 Closed

QN7 0.053 15 18 50

QN8 0.021 15 3 4.6

QN9 0.081 15 1.3 4.5

QN10 0.77 15 17 70

QN11 1.92 15 17 85

QN12 0.11 15 1.3 5

QN13 0.053 15 18 50

QN14 0.076 15 17 70

QN15 0.072 15 1.3 4.5

QN16 0.053 15 18 50

QN17 0.022 15 3 4.6

QN18| JT 0.022 15 3 4.5

QN19 0.39 15 2 300

General approaches for the cryogenic system are:
- the radiation shields of all cryogenic subsystesinguld be cooled by return line of 55-60 K

helium;

- the Branch Box may has installed vacuum pumpsilies;

- vacuum behavior of the systems after a quench &8M and HADES detectors or warming

up in one detector at operation of another shoalthken into account;
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Fig. 28. General view of the CBM detector cryogefiagram.
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The designations on the diagram of the Fig. 28@MN= control valves, RM — check valves, P
— pressure gauge, T — temperature sensor, PV -uragauge.

4.2 Design of the Feed Box

The design of the Feed Box is shown on the . Thegenic diagram of the Feed Box is shown
on the Fig. 28. The Feed Box should perform albggnic operations of the CBM magnet such as
cooling down, routine operation at 4.5 K, warmingand quench recovery.

The control valves will give a major part of heatleéaks, the interception at 60 K temperature
should be foreseen at procurement stage of work.

Items for discussion

It is demanded to have warm helium purge systemvearth helium line for warming up the
magnet. It is not clear why the purging can’'t befgrened during installation of the system when
the helium lines can be vacuum pumped. After thésdryogenic system can be purged by helium
from the cryoplant.

For warming up of the magnet may be a heat exchangtalled between QN13 and QN16
valves will be simpler to warm 50 K to desired tergiure. Power of the heat exchanger may be
around 1 kW.

4.3 Design of the Branch Box and the transfer line

The destination of the Branch Box is to supply lses the CBM and the HADES detectors.
All cryogenic operations of these detectors shd@gerformed independently. So, the scheme and
the placement of the cryogenic valves in the BraBok should have symmetry, as it is shown on
the cryogenic diagram, Fig. 28. The helium goemftbe local cryoplant and after the Branch Box
it may go ever to CBM detector ever to the HADES&e Teturn lines of the Branch Box will have
sensors of temperature and pressure for contropg@gmeters of helium. In case of improper
parameters of helium the return gas will go torthétipurpose line.

In the current design the vacuum volume of the C@8fbgenics and the HADES cryogenics is
common. In case of a quench in any system the otlagrnot see the vacuum deterioration due to
large length of the transfer lines. But during wexgnup of the CBM cryogenics, 4.6 K lines, all
condensed gases accumulated for many months of waykgo to the HADES cryogenics.

4.4  Estimations of pressure drops and heat transfe

These estimations will determine a diameter ofpe @ind a mass flow rate for the transfer pipes
from the Branch Box to the cryostat and will evédughe needed mass flow rate for the heat
transfer. The pressure drop along the transfer dimeuld be much less than 0.1 bar at ordinary
operation of the CBM magnet.

Pressure drop of isothermal gas along a pipe cavdleated by the following formula:

2
Ap = EV_ZPEE wherep - density, v — velocity, L and d — length and deten of a pipe§ -
friction coefficient. Addition pressure drop appedue to acceleration of gas heated along a pipe —
not considered here.

With a mass flow rate G = p*d* 174 it will be more convenient:
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8G? L
Ap = —.
p=¢ ™p d°
Reynolds numbeRe= :['T(i] determines the flow mode, where viscosity [Pa*s].
At turbulent flow, when Re = 2.3*2@ 10, the friction coefficient is calculated §s= 0-31€

Re025

The input parameters of the pipe are inner diamBter 15.8 mm and the length of the pipe L =
120 m. The length of the pipe includes the lentghli and additional length from the valves, and
bellows parts. The parameters of helium at varteugperature and pressure are listed in the Table
8 that will be used in the following estimations.

For the 4.6 K helium lins at G = 1.7*10 kg/s we have:
4G _ 417007

o ni0.0156[3.4[1C°°
Friction coefficientg = 0.31€ - g 022
R6025

Re= = 40000 — turbulent flow.

2 —6
Pressure dropAp =¢ 8G Ghs = 0.022D$DZ;89H0 E 120 - = 49 Pa = 0.00049 bar.
™p d n° (126  0.015¢

In the ordinary operation the pressure drop altegransfer lines is very low.

For the 50 K helium line at G = 1.8*10 kg/s we have:
4G _ 411.8M10°
mdn  nl0.015€[7.4[107°

Friction coefficientg = 0.31€ - g 27
R6025

Re= = 20000 — turbulent flow.

2 —6
8G GLS - 002718 EBZZMO 120 —=617 Pa = 0.006 bar
™p d n°[14  0.015¢

In the ordinary operation the pressure drop albtegransfer lines is also very low.

Pressure dropAp =¢

Heat transfer between helium and tubes for cooling

The return helium at 50-70 K of temperature shaaldl the heat in leaks presented in the Table
4 and Table 6. The temperature differences shaellestimated between the helium and the cooling
tubes of radiation shields in all components of@BM magnet cryogenics.

The heat transfer between the helium and the pglkisvestimated as:

Q = aS*AT, wherea - heat transfer coefficient, S — heat transfefamg, AT — temperature
difference between helium and a pipe wall.

The heat transfer coefficient is estimated ms“—(;\lu, where A - thermo conductivity

coefficient of helium, Nu — Nusselt number, d —endiameter of a tube.
The reduced heat transfer coefficient may be takienaccount if tube wall is thick and has low
thermal conductivity (w — wall parameters):

1.1 +;‘_W , where k — wall thickness.

a a

r w

C
For turbulent flow Nusselt number is estimatedMis= 0.023*R&%P1°3 where Pr=% -

Prandtl number, wherg e heat capacity.
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For 60 K helium Nu = 56, sa

Heat load for one coil from support struts and thdiation shield is about Q = 25 W. The
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_ 0.055[56

15¢

= 195 W/(nf*K).
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cooling tube going around the radiation shield basling surface S Fd*L = 3.14*0.0158*5 =
0.25 nf. So, the temperature difference between heliumtainel wall will be:
AT = QS = 25/(195*0.25) = 0.5 K.
The cooling helium will be heated, its temperattaa be estimated as:
Q = G*g*ATh, thenAT, = Q/(G* ¢) = 25/(1.8*5.3) = 2.6 K. So, helium entering tlogver coil
at 50 K will go to the upper coil at temperature®R that is acceptable.

Table 8. Parameters of helium at given T and p.

K p, MPa | p, kg/m’ A W/(m*K) [10°p, Pa*s | h, kd/(kg) | Pr

4.6 0.1 13.6 0.009 1.3 335 1.15
4.6 0.2 121.5 0.02 3.2 11.8

4.6 0.3 127.8 0.02 3.4 11.9

4.5 0.1 14.2 0.009 1.25 32.7 1.15
4.5 0.2 124.2 0.019 3.2 11.2

45 0.3 129.8 0.02 3.4 11.4

50 1.0 9.5 0.048 6.5 266.1

50 1.5 14.0 0.049 6.6 275.3

50 2.0 18.4 0.05 6.7 275.8

60 1.0 7.9 0.054 7.3 318.5

60 1.5 11.7 0.055 7.35 328.3

60 2.0 15.4 0.055 7.4 329.1 0.69
70 0.1 0.7 0.058 7.83 369.0

70 1.0 6.8 0.059 7.0 371.0

70 1.5 10.0 0.060 8.0 380.9

70 2.0 13.3 0.061 8.1 381.9

80 1.0 6.0 0.065 8.7 423.2

80 1.5 8.8 0.065 8.7 433.4

80 2.0 11.7 0.066 8.8 434.5

100 0.1 0.48 0.074 9.8 534.3 0.67
100 0.2 0.96 0.074 9.8 534.5

100 1.5 7.1 0.075 10.0 537.8

100 2.0 9.4 0.076 10.0 539.1

140 0.1 0.34 0.093 11.9 742.1

140 0.2 0.69 0.093 11.9 743.3

140 1.5 5.1 0.094 12.1 746.0

140 2.0 6.7 0.094 12.1 747.5

200 0.1 0.24 0.118 15.1 1053.7 0.67
200 0.2 0.48 0.118 15.1 1054.0

200 1.5 3.57 0.119 15.3 1057.8

200 2.0 4.75 0.120 15.3 1059.3

240 0.1 0.2 0.134 17.1 1261.4

240 0.2 0.4 0.134 17.1 1261.7

240 1.5 3.0 0.135 17.2 1265.5

240 2.0 4.0 0.135 17.2 1267.0

273 0.1 0.175 0.146 18.6 1423.2

273 0.2 0.35 0.146 18.7 1423.6
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4.5 Operation modes of the CBM magnet cryogenics

The cryogenic system of the CBM magnet should vabitkie following operating conditions:
- cooling down the system during two weeks;

- ordinary operation of cooled magnet at 4.5 K;

- warming up of the magnet for demanded time;

- quench recovery.

Cooling down of the system

The biggest gold mass of the system is the supdumbimg magnet having about 3.6 tonnes and
the internal energy is about 320 MJ. The rest cachponents of the cryogenic system will be
cooled down much faster and may be not considezesl Mhree stages of the cooling down will be
proposed:

- first stage — the magnet is cooled to ~ 200 K;

- second stage — the magnet is cooled to ~ 80 K;

- third stage — the magnet is cooled to 4.5 K —+aioeg conditions.

First stage — cooling down to ~ 200 K

Before cooling down, the system should have vaciuthe range 16:10° Pa. The vacuum
pump will be attached by the cryostat where it Wdlve effective pumping capacity not more than
500 I/s.

For cooling a magnet from room temperature to ~R@he needs to take off about 50% of the
internal energy. In our case it will be 160 MJ ahd cooling time is 48 hours. So, the desired
cooling capacity is 930 W.

It is assumed in the TDR that the cooling rate &héwe about 2 K/hour, the high cooling rate
may lead to high mechanical stress inside the sopducting structure. From another hand, if a
magnet is cooled uniformly this rate may be higliefirstly the radiation shields of the coils will
be cooled down to about 200 K the heat transferatiiation and support struts conduction will
take place. The effect of these factors can benastd as follows.

The cooling by the radiation shields is

Q =&So(T* — 20d) wheree - total emissivity was taken as 0.06, S — surfa@a of the two
LHe cases is 8.5MT — magnet temperature.

The results are Q =85 W for T = 260 K, and Q 3Rfor T = 220 K.

The cooling by the support struts via G-10 elemenestimated as:

Q =AS*ATI/L, whereA - thermal conductivity was taken as 0.8 W/(m*K);- 8ross-section area
of one support is 9.1*Idm?, AT — temperature difference was taken as 100 K|dngth is about
0.16 m.

The resultis Q =55 W fakT = 100 K on the length of the support struts.

So, the cooling down the shields only will give tng capacity from ~150 W at the beginning
to about 50 W in the first stage.

BINP proposes to control the cooling process bysueag the temperature difference in the
winding structure in order to be less than 10 Kiruthe cooling down process. This is direct way
for controlling the safe conditions during the éogldown process. The cooling diagram is shown
on the Fig. 29.

35



CDR report for CBM magnet Page 36 of 40

E— |
'XQNl_J K QN4 Feed Box
QN15
—— ’X
RMS | oniey RM2 | guesoox
e ee |
. ourf ! Qe ‘

to warm e ®

QN19 XoN1g L | T

i — P ]
helium system RV, | — Y @ @@
El RM6_, | ] -
MPL
= RM7
cu
gas

@.
2 n\@ - ‘
‘JH Cryostat
|
i @ — | ®
= colL 1 1 7@
|| —
I
®—= @
&= cowz /|| ”@
' =

Fig. 29. The diagram of the cooling down procedfrthe first and the second stages. The arrows
show the helium running helium.

The coils are cooled by helium from 50 K line. Tloav is divided between shields and coils by
the QN16 valve. The mass flow rate of 0.9 g/s valulwer is enough in this stage.

The cooling helium has large cooling capacity duéigh heat transfer coefficient, big cooling
surface ~ 1.5 ffor every coil, even taking into account reducegthtransfer coefficient due to
presence of G-10 around the coil.

The cooling is controlled by thermal sensors wtaoh shown on the Fig. 29. If the temperature
difference became more than 10 K the helium flowy i@ decreased by closing the QN16 valve.
Temperature difference in solid body is dissipat&ti characteristic time as:

_cy >
Al

length of temperature difference. In the first staf cooling down this time is about one hour.

Second stage — the magnet is cooled to ~ 80 K

The cooling diagram in this stage is the samehédontrolling process one needs to increase
the mass flow if the cooling down rate becomes s$tmv due to decreasing of temperature
difference between the coil and the cooling helium.

Third stage — the magnet is cooled to 4.5 K

In this stage the line of 4.6 K helium will be usédis assumed that the line itself already has a
temperature not high than 60 K as it was surrouriedperating 50 K lines. The cooling starts
with closing QN16 valve and opening QN17 valve.

, Where G — volumetric heat capacit),- thermal conductivity, L — characteristic
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Fig. 30. The diagram of the cooling down procedfrine third stage.

At the end of the cooling when liquid helium staatscumulating on the lower coil one may
close QN17 valve and open QN15 and QN18 valves, liqaid helium will fill the cryostat. The
moment of liquid helium accumulation in the low Icoiay be detected by pressure drop in the
cryostat on P11 manometer.

Total cooling down time will be about 8 days.

Ordinary operation of the cooled magnet at 4.5 K

In the ordinary operation of the cryogenic systém hielium flows will be as shown on the Fig.
28. Some part of gaseous helium will go throughdineent leads, it flow will be controlled by a
heater installed in the cryostat.

The liquid helium level will be measured by installLHe level meter.

One of the possible scenarios of LHe level contrgllis to operate at insufficient flow of
helium by controlling of QN8 valve, i.e. 1.5 g/siead of demanded 1.7 g/s of flow rate. When the
LHe level becomes too low then the QN18 will be rgmk to supply 1.8 g/s rate until demanded
level of helium in the cryostat.

Warming up of the magnet for demanded time

For accelerated warming up the 300 K line of helisnnstalled to the Feed Box. This process
will be conducted on the same principle as in theling down in the first and the second stages.
The supply of 50 K helium should by shut. Afterre&sing the lowest temperature in the cryogenic
system beyond 27-28 K the insulated vacuum presagillree increased rapidly.
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Quench recovery

If quench had occurred then the QN8 and QN9 vadhesild be closed. The rising pressure in
the cryostat will open RM7 valve to the multipurpdme. Liquid helium in the cryostat will not go
down to the coils. The highest pressure in theesyswill be not more than 3 bar due to little
amount of stored liquid helium in the system.

In the worse case of quench, stored energy fuligidated in one coil — this coil after a quench
will be slowly cooled from ~ 90 K to ~ 50 K due keat transfer between the winding and the
heavy coil case. After this the cooling down pragedwill go as in the third stage of cooling down
the magnet.

4.6 Safety analysis

Very high pressure may be in the cryostat in cds& guench in the magnet or any break of
insulating vacuum when air or even helium can lieskde the vacuum volume. This pressure can
be estimated as follows. It is assumed that thestay is equipped with relief valve allowing helium
to go into the multipurpose line.

Formula for pressure buildup in the cryostat:

2
Ap=¢ T[ZSpGD( 5 E—I(lj'—5 where Y — expansion correction coefficient, adm@t the rest parameters

are the same as for the pressure drop.

The mass rate G is determined by external heattibotlve helium in the LHe case. Typical heat
transfer coefficient is about 1@V/(m*K) that can be found in literature. It may be redd by a
factor of 2 because heat transfer going throughOGrsulation (quench case) or thick wall of
stainless steel (vacuum break). So, the heat futxetium can be g = 5000 W#nat temperature
difference about 10 K — film boiling. The heat tséer surface is about 1.5°rim one coil case. So,
total heating power can be about Q = 5000*3 = 15 KW mass rate is determined as G ahQ/
whereAh — latent heat, about 21 J/g. The length of the B about 3 m, diameter was chosen 0.03
m. G = 0.714 kg/s.

3 80714 3

“n214(0.64 0.03°
cryostat during a quench at condition that heliuoesgyout through the cryostat neck to the
multipurpose line.

It is worth to note that LHe volume in both coildlie not more 30 |, i.e. total mass is 30*124
= 3.7 kg. It means that at given mass rate allidicaelium will go out after 5 s. This time is
comparable with the current decay during a queiicimeans that helium will start to go out at
lower pressure.

The estimated mass flow rate is by a factor of #0Qer than the rate supplied from the
cryoplant. The control valves may be closed dusegeral seconds, no problems here seen.

Ap =00 = 1.7*10 Pa =1.7 bar. This is maximal overpressure in the

Thermal oscillation may happen in the cryogenidesysat various stages of operation. The
simple thermal oscillations criteria can be usedérigning the system, see Fig. 31.

1/2
Characteristic radius is calculated &; =1, [@%j , Wherer, - tube radius,a - acoustic
v

velocity, m/s,v - kinematic viscosityL - length of the pie.
a=(y[RONY? =(1.671207812§ * = 263. m/s for helium.

v=n/p
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. T, . . .
Another parameter ig :?h - ration of warm end of a pipe to cold end of pifge.

c

The stability region is at low values of given pagiers R, < 8 anda < 6.
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Fig. 31. The graph for the thermal oscillationsesia taken from [J.A. Liburdy].

This criteria shows that thermal oscillations witlostly occur during cooling down of the
cryogenic system.

5. BINP tests of the CBM magnet (FAT)

The BINP does not have such cryogenic station twige helium with parameters as of the
CBM magnet. Currently it proposed to cool the CBMgnet with liquid helium directly into the
cryostat and the radiation shields will be coolgdliuid nitrogen. In this case heat loads to the
magnet will be increased.

Quench heaters for quench demonstration.
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