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Transmission Line Magnet Mechanics .

Vladimir Tsvetkov

Abstract.

Some aspects of mechanical analysis of the Low Field Magnet(LFM) for the VLHC stage-1 is discussed in this td-note. It includes LFMs supporting at the VLHC tunnel, its transportation and installation. Calculations and estimations are illustrated with pictures to show mechanical behavior of the LFM at different loading conditions. 

Introduction

Design of the superferric LFM is described in detail, for example, at VLHC Study Report[1]. The magnet has unprecendented  length – 65 m. Its cross section is shown in Fig. 1. It consists of two base parts: magnet block and vacuum jacket. The properly magnet block has complicated mechanical design. Its magnet yoke is assembled from two halves joined through stainless steel spacers with welds. Each halve is manufactured of laminated magnetically-soft steel sheets banded together with steel plates through welds. The magnet block assembly is welded with steel plates to the vacuum jacket – a long steel cylindrical tube with OD of 300mm and thickness of 6mm. The supports of the LFM assembly are placed on the vacuum jacket. 

So, the LFM design has a lot of parts of different dimensions joined together with welds. The assembly run weight is about 500kg/m. 

From the other side, despite its huge dimensions and weight, complicated design and a lot of welded joints, the LFM should be a precision optical device for particle accelerator.  Therefore, we need to pay attention to the LFM handling from machine shop to working place at the VLHC tunnel. Analysis of mechanical stresses and deformations at different loading cases is one of most challenge of the LFM designing.
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Fig.1. LFM cross section.

 LFM supporting at the VLHC tunnel.

The LFMs will be installed with its supports(bearing areas) on stands on the tunnel floor(see Fig.2.[1]). At first approaching, the stands are thick steel plates which are anchored to the tunnel concrete floor(see Attachment 1). The magnet is based on the stands with its vertical jacks.   

The goal of this analysis was to define a reasonable distance between the supports of the LFM and, respectively, magnet stands at the tunnel from the point of view allowable stresses and deformations. It should be taking into account that the LFMs will be aligned at vertical and horizontal directions and also in a roll angle after installation them at the VLHC tunnel. So, beside weight load, the magnet will be loaded with additional forces and torque’s during aligning procedure. Besides, it is reasonable to use LFM supports as bearing areas during magnet transportation to the installation place at the tunnel. Everything noted above means that the distance between LFM supports should provide enough mechanical margin of safety to allow the aligning procedures and transportation. 

[image: image3.wmf]
Fig.2. The VLHC tunnel.

In accordance with  preliminary  estimations,  the distance  between LFM supports was chosen equal of 6 meters.  In order to verify this choice, 3D numerical simulations were fulfilled with ANSYS code [2]. The simulations were done for a 6-meters long LFM section placed on the stands on both ends. 

Some skill was needed to generate 3D finite element mesh adequate to the real magnet assembly. The problem was next: huge total dimensions of the magnet and a lot of small welds. As example, the picture below (Fig.3.) illustrates LFM fragment deformation. It shows that the FEM model takes into account the welds connecting steel plates with the magnet yoke and the magnet yoke with the vacuum jacket.
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Fig.3. A LFM fragment deformation.

There are several versions of the LFM design. It is regularly updated. The range of calculations shows that maximal static deflection of the LFM on the stands is between 1.2 – 2.1mm under weight load. It depends from a final design of the LFM. In case if the properly magnet block will connect with the vacuum jacket with welds, the sag is close to 1.2 mm and maximal von-Mises stresses are not exceed of 50 – 60 MPa. Without welding connections between the magnet block and the vacuum tube the sag is close to 2.1 mm and maximal stresses reach up to 90 MPa at vacuum jacket. The ANSYS pictures below illustrate distribution of the displacements and the von-Mises stesses for one case of the calculations(see Fig.4.). 

The properly magnet block has lower mechanical stiffness then the vacuum jacket. So, the stresses are higher at the vacuum jacket. But, totally the stresses at the vacuum jacket are not exceed 30MPa except some areas close to supports. There, the stresses can locally reach up to 90MPa. Therefore more attention should be paid these areas. More detail studying and optimizing should be done for the LFM support design at future designing. 

Steel plates are welded to the properly magnet block and vacuum jacket to get mechanically unified assembly. The plates dimensions (width – 100mm), longitudinal step(about 1m) and positions were optimized during the numerical calculations. To decrease an effect of the vacuum jacket deformations on the magnet block the first plates chosen to be welded aside of the support. These closest plates to the support area and its welds are the most laden at all procedures with the magnet(transportation, alignment and other handling).   


As it shown above, current design of the LFM and chosen distance between stands at the VLHC tunnel provide safety factor of 2 – 2.5 on maximally allowable stresses for LFM under the weight load. It means, that it has good enough the margin of safety to allow aligning procedures and transportation.
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Fig.4.  Displacements (at cm) and equivalent stresses(at kgs/cm2) distribution

 under the weight load.
The LFM Transportation

Introduction.

An accent at this technical note was done on the 1 stage magnets transportation, installation and supporting at the tunnel because of unique of LFMs. The current design of the High Field Magnets (HFM) has sizes and weights close to, for example, RHIC and LHC magnets. Therefore, it is reasonable to apply the same methods for HFMs transportation, installation and supporting which were used at RHIC and CERN[3 – 6].

The LFMs have:

-  length 


65 m;

-  weight


32.5 tons;

-  low cross sectional bending and torsion stiffness.

Besides, the LFMs transportation, installation and supporting should be done at the confined VLHC tunnel.

The LFMs have complicated design, therefore were accepted reasonable to minimize number transport operations with the magnets (lifting, shifting and moving) and decrease any magnet deformations during transportation. 

A variant of inexpensive LFM transportation system and installation method is described below.

VLHC tunnel.

Two variants of the LFMs position inside the VLHC tunnel were considered. First case, when the HFMs are placed on the tunnel floor and the LFMs are over them on the special stand is discussed at Attachment 2. The second case, as a current variant, then the LFMs are placed on the tunnel floor is discussed below.

 The cross sectional view of the 3.6 meters in diameter VLHC tunnel is shown in fig.5.  The 1st stage magnets should be installed on the floor close to the external tunnel wall. The HFMs will be installed over the LFMs much later.   

More then 3000 having complicated design LFMs should be installed at the VLHC tunnel. There would be no overhead cranes available inside the tunnel for the magnet installation, so transporters would serve also as the main installation mechanism to install the magnets into the stands. It seems reasonable to use several installation scenarios. Two of them are the main.

First scenario is simple and reliable. It should be always used as it possible. In accordance with this scenario the LFM will be delivered by transportation system to the installation place directly over the magnet stands and then it will be safely dropped down with special jacks directly on its stands. 

When the using first installation scenario is impossible or in case of magnet replacing, the second scenario will be applied. In accordance with this scenario, the LFM will be delivered to the installation place aside of the magnet stands. Then, it will be safely dropped down on wheeled platforms with the special vertical jacks. Then, the platforms with LFM would be transversally pushed to a nominal position directly over the stands and the LFM safely dropped down with special jacks directly on the stands. Magnet replacing will be done in reverse order. This second scenario of the installation procedure is close to the LHC cryodipole installation (see sketches at Attachment 3).

LFM transportation system.

There are two possible variants of the LFM transportation system: with and without common frame.

Variant with the common frame is usually used for precision devices transportation (particularly, accelerators magnets). Last example is LHC cryodipoles transportation. At all cases of using common frame, it is assumed that the frame has transversal stiffness much larger then stiffness of the transported device to keep the device deformations small enough. It is need to stave off the damage of the device and this condition guarantees it.

In case of the LFMs transportation, it is very problematically (may be impossible) to design the common frame with large enough stiffness because of huge magnet length – 65 meters and confined VLHC tunnel. It means, any frame for the LFM should have an active shock absorber system(another words, shock absorber system with feedback) to compensate unallowable dynamical deformations of the LFM during transportation. It is not trivial system taking into account it should consider deformations not only LFM but frame itself too. It is not widespread system. Besides, the frame is inconvenient in handling because of it huge length and weight. The single advantage of using the frame for LFM transportation is next: it looks more reliable and habitual. 

The variant of the transportation system without common frame looks more attractive because it is simpler, cheaper and convenient. But, in order to use it we need to provide number transporters equal to number of magnet supports. Another words, we need to have eleven transporters so as 65-meters magnet has eleven supports.

 To compensate dynamical deformations, a passive (self-controlling) shock absorber system may be used. In order to check whether the maximum admissible acceleration have been exceeded during transport and handling, a system to monitor accelerations based on self-contained tri-axial shock and vibration monitors may be applied. It is widespread practice. 

To transfer a traction force, the high enough longitudinal stiffness of the vacuum jacket may be used.  

As an example, the RHIC cryodipoles were transported without common frame (see Fig.5.[ 5 ]).
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Fig.5. RHIC cryodipole transportation.

A variant of transportation system without common frame for LFMs is discussed below. Cross  sectional,  elevation  and  top  views  of  the  LFM   transportation   system  are  shown  in fig. 6,7,8. 

The transportation system consists of 11 identical transporters with payload up to 3 tonnes. Distances between transporters are 6 meters. Each transporter has:

· four  wheels;

· belt fixing mechanism.

Four - six ordinary battery-operated vehicles evenly distributed alongside of magnet tug transporters with LFM along the tunnel. Each vehicle has:

· four wheels;

· engine 20kW;

· lead-acid battery block about 1 tonne in weight.

 Total driving power is about 120kW. It is enough for LFM transportation at speed up to 5mph and grade up to 4% (see attachment 4)[7].

LFM loading.

Two  additional  special  jacks  with  payload  up to 2 tonnes  each  and  lifting heights about 4”-5” are mounted on each LFM support before the transportation. The transporters are evenly(distance about 6m) distributed along the LFM. Simultaneously special jacks lift up to 4”-5” of the LFM.  The belts fix the LFM to the transporters. The special jacks are released. After that the LFM is ready for rolling with tugs.

LFM unloading and installation.

The LFM is aligned with the tugs over the installation place. The special jacks accept weight of the magnets on the place of LFM installation. The belts are unfastened. The special jack are simultaneously released and the LFM smoothly comes down on its precision jacks. The special jacks are removed. 
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Fig.6. Cross sectional view of the LFM transportation system.
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Fig.7. Elevation of the LFM transportation system.
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Fig.8. Top view of the LFM transportation system.
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 Attachment 1.

 LFM Stands

with horizontal x-direction alignment and sliding at z-direction abilities. 

Terminology

1.The LFM support is a part of LFM design. 

2.The stand is a part of VLHC tunnel design. The LFM will be installed on the stands through its supports. 

Problem.

The LFM should be installed on the stand at the VLHC tunnel. Then, the LFM should be aligned at the horizontal x-direction, vertical y-direction and in roll angle. The mechanical LFM supporting system should provide free movement of the LFM at longitudinal z-direction up to 0.5meter keeping alignment at x and y directions (to compensate thermodeformations during break down cooling system).

Jacks

As aligning mechanism are usually used jacks. There are three options placing aligning mechanisms-jacks:

· all jacks are mounted on the LFM supports;

· all jacks are mounted on the stands;

· some jacks are mounted on the LFM supports, some jacks are mounted on the stands.

The last third option was chosen as most fitted for conceptual design of the LFM supporting and alignment systems. Viz it is supposed to mount the vertical y-direction aligning(respectively, in scroll angle aligning)jacks on the LFM supports. The horizontal x-direction aligning jacks are mounted on the stands. 

Vertical  (y-direction) and in scroll angle aligning.

Two jacks with ¾” – 1” thread are mounted on each LFM support. They provide vertical LFM aligning in range ( 4mm and in scroll angle LFM aligning in range (16mrad(respectively, about (2mm difference jacks lead). 

The stand.

The stand is just a steel plate with 0.6x0.3x0.0254 meters in dimensions (see fig.1.) which are fixed to an anchor system. The vertical aligning jacks are freely based on the stand. They can freely slide at the longitudinal direction during LFM shrinkage up to 0.5meter.

Horisontal x-directional aligning.

Propose two stages horizontal alignment:

- Rough horizontal alignment;

- Fine horizontal alignment.

Rough horizontal alignment.

The stand has longitudinal rib with holes for bolts. Besides, the stand design has detail “A” which can freely slide at the x direction along the guides. The detail “A” has a slot. The foot of one vertical jack is put within the slot of the detail “A” during installation. Thus, LFM is moved at the x direction then the bolt move the detail “A”. Rough horizontal alignment may be used to align the LFM horizontally within about (20 mm with accuracy about ( 0.2-0.5 mm. It should be studied. Rough horizontal alignment mainly serves to get arc shape of the LFM axis.

Fine horizontal alignment.

It may be reasonable to use fine horizontal alignment. Viz to provide at the LFM design a screw device which can provide negligible(within ( 0.5 mm with accuracy ( 0.05mm) elastic movement at x direction properly magnet block relatively of the vacuum jacket. It should be studied.

Stand installation.

The stand installing procedure may be next:

1.Lay out the VLHC ring by drilling the tunnel floor at specific locations and then put in the 1 inch Hilti-Drop-In anchors;

2.Install anchor bolts;

3.Put into place the magnet stands, level it, set specified elevation;

4.Grout the base of each stand;

5.Add the additional hardwares, i.e. the adjusting slider(detail A in fig.1.) and the x jacking screws.

After that the stands are ready to accept the magnets.
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Fig.1. The stand top view.
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The VLHC magnets transportation.

(the variant: the LFMS are over the HFMs at the tunnel)

Introduction.

At this VLHC project report an accent was done on 1 stage magnets transportation, installation and supporting at the tunnel because of unique LFMs. The LFMs have:

-  length 


65 m;

-  weight


   32.5 tons;

-  low cross sectional bending stiffness and torsion stiffness.

Besides, the LFMs transportation, installation and supporting should be done at the confined VLHC tunnel.

The LFMs have complicated design, therefore were accepted reasonable to minimize number transport operations with the magnets (lifting, shifting and moving) and decrease any magnet deformations during transportation. 

An inexpensive vehicle are described below for the LFMs transportation.

VLHC tunnel.

The  cross  sectional  view  of  the 3.6 meter in diameter VLHC tunnel are shown on fig.1. The tunnel has flat concrete flow with track way – simple floor profile for vehicle steering. The 1st stage magnets are overhead. The HFMs are beneath. Also, LFM supports with jacks are shown. 

 Distances between supports at the tunnel are chosen 6 meters in accordance with calculations.
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Fig.1. Cross sectional view of the VLHC tunnel.

LFM vehicle.

Longitudinal view of the LFM vehicle is shown in fig. 2. 

The vehicle consists of 11 identical transporters with payload up to 3 tons. Distances between transporters are 6 meters. Each transporter has:

· four inflated tires(to reduce dynamical loads);

· two axles: rear – driving axle; front – negligible veering axle;

· DC reversible motor about 10 kW;

· Lead-acid battery block;

· A special mechanism to shift LFM during installation procedure.

The special mechanism and driving axle use single DC motor.

So, the LFM vehicle uses distributed power between the transporters. Total driving power is about 110kW. It is enough for LFM transportation at speed up to 5mph and grade up to 4%. Also, it is enough for LFM shifting during installation procedure.

Cross sectional view of the LFM vehicle are shown in fig.3. The LFM transportation level is about 6 feet over the floor and 4 inches over the supports level. 
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Fig.2. Longitudinal view of the LFM vehicle at the tunnel.
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Fig.3. Cross sectional view of the LFM transporter.

LFM installation.

The transporters fix its position with special legs before LFM installation (see fig.4). Then the LFM is safely shifted to the supports with the transporter’s mechanism. The support’s jacks accept weight of the LFM. The telescopic parts of the transporters are removed and the vehicle rolls out.      
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Fig.4.LFM Installation on the supports.
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Summary.

For low values of acceleration (less than 0.1 metres per second) power required to 

move a wehicle mass of 49 tonnes at a speed of 5 mph up a 4% grade is approaching 75 kW.

The power level of 45 kW available at the drive wheels results in a maximum speed of 

less than 3 mph.
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Sketches of the LHC cryodipole installation.

[image: image17.wmf]Time

i

j

,

Vv

j

Accn

i

Time

s

0

1

2

3

4

5

0

1

2

3

4

5

6

7

8

9

10

0

0

0

0

0

0

0

44.704

89.408

134.112

178.816

223.52

0

22.352

44.704

67.056

89.408

111.76

0

14.901

29.803

44.704

59.605

74.507

0

11.176

22.352

33.528

44.704

55.88

0

8.941

17.882

26.822

35.763

44.704

0

7.451

14.901

22.352

29.803

37.253

0

6.386

12.773

19.159

25.545

31.931

0

5.588

11.176

16.764

22.352

27.94

0

4.967

9.934

14.901

19.868

24.836

0

4.47

8.941

13.411

17.882

22.352

=

g

9.807

m

s

2

=

Frd

Idry

g

.

Mtdw

.

Ntugs

.

Frw

Iwet

g

.

Mtdw

.

Ntugs

.

Frww

Iwetg

g

.

Mtdw

.

Ntugs

.

Frd

4.236

10

4

kg

m

s

2

=

max traction force available (dry)

Frw

2.589

10

4

kg

m

s

2

=

max traction force available (wet)

Frww

4.001

10

4

kg

m

s

2

=

max traction force available (wetgrip)

Traction force required for range of acceleration

Fv

kg

m

s

-2

0

0

1

2

3

4

5

6

7

8

9

10

0

2.914

10

4

2.963

10

4

3.012

10

4

3.06

10

4

3.109

10

4

3.158

10

4

3.206

10

4

3.255

10

4

3.304

10

4

3.353

10

4

=


Attachment 4.

[image: image18.png]transporter
St

HaA

TUG d






[image: image19.png]



[image: image20.png]&00

transporter

[ Il

LOW FIELD MAGNIT —‘ r

[

[

o) (o=

——5) O





� EMBED PBrush  ���





� EMBED PBrush  ���





Fermi National Accelerator Laboratory


Technical Division / Development & Test Dept.


PO Box 500   MS 316


Batavia, IL 60510


FAX :   630-840-2383





Fax








� EMBED PBrush  ���





� EMBED PBrush  ���





� EMBED PBrush  ���





� EMBED PBrush  ���





� EMBED PBrush  ���





� EMBED PBrush  ���





� EMBED PBrush  ���





� EMBED PBrush  ���





� EMBED PBrush  ���





� EMBED Mathcad  ���








� EMBED Mathcad  ���





� EMBED Mathcad  ���











[image: image21.png]


[image: image22.png]


[image: image23.png]assmd,

o,

e

L1003
N
SLutror

o
6350
ZowasGraphaco

an 213 378
23200
i

3i7s11
s
sei031
155 nas
177 135
167.718
212y



[image: image24.png]il

Guide

@

Second Jock

Anchor kolt hole
footprint

Detall A

Slat

first _jock Footprint

Rika O

[

[

&00




[image: image25.png]1




[image: image26.png]Transpo

'

LFM

nn

Floor

7T

Support



[image: image27.png]LFM

o

Support



[image: image28.png]Shif ting
nechanis,

Suppart




[image: image29.png]1 ANSYS 5.5.3
FEB 9 2001
17:42:17

PLOT NO. 1
NODAL SOLUTICN
STEP=1

SUB =1

TIME=1

UsUM (ave)
RSYS=0
PowerGraphics

211494
211494
0

023499
046999
070498
093997
117497
140996
1164495
187995
211494

ASSEM, LFM, VLHC




[image: image30.png]1 ANSYS 5.5.3

FEB 9 2001

17:45:49

PLOT NO. 1

NODAL SOLUTION

STEP=1

SUB =1

TIME=1

SEQV (ave)

PowerGraphics

EFACE

AVRES=Mat

DMX =.211494

SMN =.011095

SMX =859.431
.011095

[t
190.993
286.484

[— |

- 381.975
477.466

—_

=

|

572.958
668.449
763.94

859.431

ASSEM, LFM, VLHC




[image: image31.jpg]Tow Cart, and Arc-Dipole On The Transporter




[image: image32.wmf]Calculation to determine vehicle power requirements

Summary.

For low values of acceleration (less than 0.1 metres per second) power required to 

move a wehicle mass of 49 tonnes at a speed of 5 mph up a 4% grade is approaching 75 kW.

The power level of 45 kW available at the drive wheels results in a maximum speed of 

less than 3 mph.
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