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2Particle Physics Division
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Introduction:

The technical division, in collaboration with the beams division is involved in the design, fabrication, testing and commissioning of a flying wire measurement device to be installed in the recycler. The flying wire device acts as a beam profile monitor for the antiproton beam. The assembly of the flying wire measuring device is shown in Fig. 1. The assembly consists of a motor that drives a shaft through a vacuum feed-through. Two aluminum forks are welded on to the shaft. Two aluminum tabs tack welded to the forks with a bolted on circuit board support a 30 micron carbon filament. The motor accelerates the shaft through a 180 degree angle to a velocity of 500 RPM. The next 180 degree rotation of the shaft is at this constant velocity and the final 180 degree rotation is deceleration of the shaft back to zero velocity. The angular velocity and acceleration cycle of the motor is shown in Fig. 2. During the 180 degree constant velocity segment, the wire sweeps through the beam and the dispersion of secondary particles generated as a result of the beam interacting with the wire is measured by scintillating counters. A resolver connected in series with the motor measures the position of the wire within the cross section of the beam. The beam profile is then reconstructed based on the location of the wire and the dispersion measurements. 
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Fig. 1. Recycler Flying Wire Assembly
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Fig.  2. Angular velocity and acceleration profile of the fork assembly

In principle, the operation of the device as described above is rather simple but errors will almost certainly be introduced due to elastic deformations of various components in the assembly that will eventually lead to deviations in the wire position from its design or nominal position. Due to the dynamic nature of the loading, oscillations can be induced in the drive shaft and fork assembly that may cause the wire to vibrate as it sweeps through the beam. The potential also exists for the deflections to be large enough to cause failure of the wire or other sensitive parts within the device. The objective of this work was to quantify these effects through simple calculations based on a combination of analytical expressions derived from applied mechanics and ANSYS simulations. Results are also presented from mechanical testing performed on the 30 micron carbon wire to determine Young’s modulus and ultimate strength and these experimental properties have been used in the mechanics calculations. 

Mechanical Testing of 30 micron Carbon Wire:

Material properties for small diameter carbon filaments are available in literature [1]. However, depending on the processing conditions and the true composition of the wire there could be a considerable spread in the material properties such as Young’ modulus and ultimate strength. Therefore mechanical testing was performed on 30 micron carbon wires using an instron 

testing machine in Jay Hoffman’s engineering lab to accurately determine mechanical properties of the wire that will be used in the actual flying wire device. The test set-up is shown in Fig. 3. A 10 lb load cell was deemed adequate based on an estimation of the ultimate loads. The wire was attached to a thick paper frame at the top and bottom using pencil marks to align and locate the wire on the frame. The side portions of the frame were cut in the middle after the wire was located within the grips to ensure all the load was being channeled through the wire. Self-aligning grips were used to eliminate any bending or torsional loads on the wire during testing. The results 

of the testing are summarized in Table 1 along with published material properties.  A typical force-displacement curve obtained is shown in Fig. 4. Strain was measured based on the stretch in the wire in the linear portion of the force-displacement curve. The displacements are measured displacements of the instron crosshead.  The strain measurements are somewhat inaccurate due to the fact that displacements due to the compliance of the machine are also factored into the displacements used to calculate strain. The modulus was calculated based on the ultimate strength and strain. The wire exhibits brittle failure at its ultimate load and the failure points are in the region just beyond the inner edge of the paper frame within the aperture.
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Fig. 3.  Instron test setup to measure properties of the 30 micron carbon wire

Table 1. Material properties obtained from mechanical testing of 30 micron carbon filament

	Sample #
	Modulus (GPa)
	Ultimate Strength (GPa)
	% Strain @ Failure

	1
	52.4
	0.61
	1.16%

	2
	51.0
	0.77
	1.50%

	3
	46.9
	0.84
	1.79%

	4
	53.8
	0.72
	1.33%

	5
	51.0
	0.66
	1.28%

	6
	54.5
	0.55
	1.01%

	7
	52.4
	0.56
	1.07%

	8
	62.1
	0.54
	0.88%

	9
	50.3
	0.76
	1.51%

	average
	52.7
	0.67
	1.28%

	published data for commercial graphite whiskers
	979
	20.7
	2 to 3%

	published data for commercial 8 micron carbon filaments - Celanese Corp
	531
	1.7
	1.20%

	published data for commercial 8 micron carbon filaments - Hercules Inc
	234
	2.8
	1.30%

	published data for commercial 9 micron carbon filaments - Union Carbide
	241
	1.4
	N/A
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Fig.  4. A typical force-displacement curve for a 30 micron carbon wire

Torsional Deformations of Drive Shaft Due to Inertial Load During Peak Acceleration:
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Fig.  5. Schematic of drive train 

Fig. 5 shows the schematic of the drive train. The drive shaft from the motor is 3/8 inch diameter. A coupling connects the drive shaft from the motor to a 1/4 inch shaft that is integral to a feedthrough assembly. The output from the feedthrough is again a 1/4 inch shaft that is connected to the main shaft that supports the fork assembly through dowel pins. The main shaft is hollow with an outer diameter of 1/2 inch and inner diameter of 1/4 inch. For simplicity of analysis, the feedthrough and the coupling were neglected as being part of the drive train as a first order approximation. As such, neglecting   the feedthrough and coupling would lead to a conservative analysis wherein deflections would be larger than if they were included. Inertia calculations of the feedthrough are presented later in this report. A further simplification was done by assuming a solid 1/4 inch shaft for the entire length of 10 inches that also spanned the hollow shaft. Both static and dynamic analysis calculations are presented. Clearly, the sudden nature of the torsional loading wherein the shaft is subjected to a step acceleration as shown in Fig. 2 calls for a dynamic analysis. The static analysis calculations are also presented for the sake of completion. All shafts are made of either aluminum or stainless steel as shown in Fig. 5

Static Analysis:

The maximum angular deflection for a shaft subjected to a static torsional load is given by, 
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Where, T is the applied static torque, L is the length of shaft, G is the shear modulus of aluminum and J is the polar moment of inertia. Substituting the values of T = 4.73e-05 Nm maximum torque due to inertia during peak acceleration, L = 0.250 m, G = 26Gpa and J = 1.58e-10 m4, the maximum static deflection is,

θmax(static)= 2.75e-06 radians = 0.0095 arc-minutes

Dynamic Analysis

The torsional loading for the acceleration profile shown in Fig. 2 can be approximated as an impulse type loading due to the short duration of the acceleration pulse. This assumption will ensure the worst-case scenario in terms of angular deflections, i.e., will result in the maximum dynamic angular deflection than if other types of loading profiles (such as step loading) were considered. The maximum dynamic angular deflection for an impulse type torsional load is given by [2]:
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where, Tmax is the maximum impulse torque per unit length, L is the length of the shaft, τ is the duration of the impulse, I is the mass polar moment of inertia per unit length of the shaft, G is the shear modulus of aluminum and J is the polar moment of inertia of the shaft. Substituting the values for TmaxL = 4.73e-05, τ = 0.12, I=4.28e-07, G = 26 GPa and J = 1.59e-10 m4 the maximum dynamic angular deflection is

θmax(dynamic)= 3.39e-03 radians = 11.1 arc minutes




In reality, the shaft is composite made of 100 mm long 1/4 inch diameter solid section and 150 mm long 1/2 inch OD and 1/4 inch ID hollow section. Assuming the full length of 250 mm is made of the hollow shaft, the maximum dynamic angular deflection is,

θmax(dynamic)= 2.26e-04 radians = 0.77 arc minutes




The true dynamic angular deflections would be somewhere in between 0.77 and 11.1 arc-minutes biased towards the smaller value since the hollow shaft has a longer length than the solid shaft. Inertia of the coupling and the feedthrough that have been neglected in these calculations would also contribute towards reducing the dynamic angular deflections. It should be noted that the values of the dynamic deflections presented are maximum values and the true dynamic behavior of the shaft and the attached fork assembly will include vibrations that will eventually dampen out over time. To predict the time required for the oscillations to dampen out it will be necessary to estimate the damping coefficient in the system based on friction present in various surfaces. However, if the time required for the vibrations to dampen out is much larger than the time duration of sweep through the beam (which is less than 0.06 seconds), the effects of vibration will not be felt. In any case, the peak angular deflections of the shaft will not exceed the values presented above.

Shaft Bending Due to Rotating Unbalanced Fork Masses: 


Fig.  6. Schematic of shaft and fork assembly used in calculations

The configuration of the shaft and fork assembly used in the shaft bending due to unbalanced rotational masses of the forks is shown in Fig. 6. The forks made out of aluminum will have several punched through holes to eliminate some of the unbalanced mass. For the purposes of this calculation, the forks will be assumed to be without the holes which enables fixing the center of mass precisely and also provide higher unbalanced forces thereby over predicting shaft deflections and fork rotations. ANSYS was used for analysis of this problem. As a second order approximation, the unbalanced masses of the aluminum tabs used to anchor the wire and the mass of the wire itself are neglected. The shaft and the forks were modeled using beam elements and an angular velocity of 53 rad/s (500 RPM) was imparted to the shaft. The results of the ANSYS simulation are shown in Fig. 7.
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Fig. 7. Results of ANSYS simulation of shaft bending due to unbalanced rotational mass of forks

The first picture in Fig. 7 shows a contour plot of lateral deflections of the shaft. The second picture in Fig. 7 shows the rotations of the forks due to deflections in the shaft. The third picture shows the horizontal displacements at the ends of the fork that support the wire due to shaft bending leading to rotations of the forks. The following quantitative data can be inferred from the ANSYS analysis.

Peak Lateral Displacement of Shaft   = 1.2 microns

Rotation of the left fork = 2.59e-04 radians

Rotation of the right fork = 2.69e-04 radians

Displacements at tip of left fork = 2.97e-05 meters

Displacements at tip of right fork = 3.44e-05 meters

Total wire stretch due to fork rotations = 6.41e-05 meters

Strain in wire = 56x10-6 

Stress in wire = 2.8 MPa = 0.4% of ultimate strength of wire

Wire Deflection During Rotation at Maximum Velocity Due to Centrifugal Forces


The wire itself can deflect due to centrifugal forces arising due to its own mass. Since the wire is very thin, these deflections can only be resisted by the wire developing internal tension. As a simple first order approximation, a relationship can be derived between tension in the wire and deflection due to centrifugal forces. Assuming all the mass of the wire is concentrated at the center of the wire the centrifugal force is given by,

F = mω2r



(3)

Where, m, is the mass of the wire = 1.8e-07 Kg, ω is the angular velocity = 53 rad/s and r is the distance of the wire from the axis of the drive shaft = 0.133 m. This results in a centrifugal force, F = 6.7e-05 N. This force has to be supported entirely by the tension in the wire. Fig. 8 pictorially describes the relationship between the force, F, and wire tension, T


Fig. 8. Geometric relationship between centrifugal force, F, and wire tension, T

From geometry shown in Fig. 8, it can be inferred that,

2Tsinθ = F





(4)

For small angles, sinθ ~ tanθ = 2δ/L, where L is the length of the wire and equation (4) reduces to

2T(2δ/L) = F      => Tδ = FL/4 = constant
              (5)

The rectangular parabolic relationship given by equation (5) is shown graphically in Fig. 8 where the wire tension has been converted into stress on the primary y-axis and load in grams on the secondary y-axis.
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Fig.  9.  Relationship between tension and deflection in the 30 micron carbon wire

As the wire tension decreases, the deflection due to centrifugal force increases. Non-linear stiffening behavior manifesting at higher deflections will obviously lead to deviations in the tension versus deflection relationship from that given by (5). For relatively small deflections, the relationship given by (5) and shown graphically in Fig. 9 holds good and it can be inferred that a safe initial tension that can be applied to the wire is about 300 MPa or 20 grams which will result in a deflection at the center of the wire of about 9 microns. The solid line in Fig. 8 indicates the ultimate strength of the wire. Due to pre-tensioning the wire, the forks which are made of aluminum undergo elastic deformation since the wire is trying to pull the forks closer to each other. This elastic deflection of the fork leads to unloading of some of the initial tension in the wire. A simple beam theory calculation assuming that the forks behave as cantilever beams with a load applied to the tip showed that this loss of initial tensile load is less than 2%.

Vacuum Feed-through Inertia Calculations:


As mentioned before, part of the drive train from the motor to the shaft that supports the fork assembly includes a vacuum feed-through device. The feed-through under consideration is a rotary motion feed-through manufactured by Huntington Labs in Mt View, California. This feed-through is also currently being used in the main injector and electron cooling flying wire. It is important to quantify the inertia of various rotating components in the feedthrough so that it is possible to estimate the torque requirement on the motor to achieve the desired peak acceleration. Table 2. summarizes the results of this measurement. The feedthorugh was disassembled and masses as well as geometry of the various rotating components was measured. Fig. 10 shows the components of the feed-through assembly. IDEAS solid models were created for these components and used to estimate mass moment of inertia.
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Fig. 10. Disassembled Huntington Vacuum Feed-through

Table 2. Inertia measurements of various rotating components in the feedthrough

	Rotating Part
	Mass (Kg)
	Mass Moment of Inertia (Kg-m2)

	Measuring ring
	0.17
	9.00E-05

	Wobble plate assembly
	0.16
	7.74E-05

	Shaft 
	0.05
	4.10E-07

	End plate with integral shaft
	0.04
	1.62E-05

	coupling
	0.04
	2.50E-06

	Total 
	0.46
	1.87E-04


The total inertia, Ifeed-through as calculated in Table 2 is 1.87e-04 Kg-m2. The required angular acceleration to reach 500 RPM in 0.12 seconds (Fig. 2) is 441 rad/s2. Thus the required torque is, 

T = Iα = (1.87e-04)(441) = 0.082 Nm = 0.73 in-lbs


(6)

Due to friction in various bearings within the feedthrough, the torque requirement will be higher than that given by (6).  In addition to the feed-through, the fork assembly itself (including the main shaft) will contribute to the inertial torque given by (6). The total inertia of the fork assembly is of the order of  0.31e-04 Kg-m2 thus increasing the torque requirement by about 16% to about 0.85 in-lbs. 
Vacuum Feed-through Backlash Measurements:


Backlash measurements were made on the Huntington feed-through at different levels of applied torque in both the clockwise as well as anti-clockwise directions. There was a noticeable asymmetry in angular displacements in the two directions. The results are summarized in Table 3. 

Table 3. Backlash Measurements on the Huntington Feed-through

	Torque
	Angular Displacement

	
	Clockwise
	Counter-clockwise

	(in-lbs)
	(degrees)
	(degrees)

	5.0
	4.55
	2.27

	10.0
	5.64
	3.09

	15.0
	6.55
	4.00

	20.0
	7.27
	4.73


Summary and Conclusions:

The objective of this work was to quantify the mechanics of the recycler flying wire assembly that is being designed and fabricated by the technical division in collaboration with beams division. This quantitative estimation of deflections, forces and stresses during operation  of the flying wire provides rational basis for the design and enables determination of safety and error margins during operation as well as some crucial stages of manufacturing and assembly of the device. The main conclusions from this mechanical analysis can be summarized as follows:

· The experimentally determined modulus of the 30 micron carbon wire is 51 GPa and ultimate strength is 750 MPa. The values that are published in literature for 8-9 micron carbon-graphite filaments are 240-500 GPa and 1.4-2.8 GPa for modulus and ultimate strength, respectively.

· The static angular deflections in the drive shaft due to the inertial torque during peak acceleration is 2.75e-06 radians or 0.0095 arc-minutes assuming a 1/4 inch solid shaft over the whole length of the drive train. For a hollow shaft these numbers will be considerably lower

· The dynamic angular deflections in the drive shaft due to the “impulse type” torque to reach a peak angular acceleration of 440 rad/s2 is 3.4e-03 radians = 11.1 arc-minutes for a 1/4 inch solid shaft and 2.26e-04 radians = 0.77 arc-minutes for a 0.5 inch OD, 0.25 inch ID hollow shaft. The true dynamic angular deflection will be somewhere in between since the actual drive shaft is solid for a length of about 4 inches (100 mm) and hollow for the remaining length of 6 inches (150 mm). 

· The maximum drive shaft bending deflection arising due to the unbalanced fork masses during rotation is about 1.2 micron.

· The fork rotations due to bending of the shaft during normal operation of the device is about 2.6e-04 radians which results in a wire stretch of 6.41e-05 meters = 2.8 MPa stress in the wire. This is about 4% of the ultimate strength of the wire. However, if the motor goes into excursion, the forces and stresses increase as the square of the angular velocity and a potential exists for the wire breaking or other sensitive components failing. 

· The wire deflections due to centrifugal forces arising from the mass of the wire can be limited by pre-tensioning the wire. A safe initial tension that can be applied on the wire is about 20 grams or 300 MPa which is about 50% of the ultimate strength. At this tension, it is possible to limit wire deflections to less than 10 microns.

· The mass moment of inertia of the proposed Huntington feed-through was estimated by disassembling the device and measuring geometry of the various rotating components within the feed-through. The total inertia of the feed-through is about 1.87e-04 kg-m2 which sets a requirement on the motor to deliver 0.082 N-m or 0.73 in-lbs of torque to attain the desired peak acceleration of 440 rad/s2. Taking into account the inertia of the fork assembly increases this torque requirement value by about 16%. This is well within the capacity of the motor which is rated to deliver a maximum of 18 in-lbs.

· Backlash measurements were performed at various levels of applied torque and are summarized in Table 3.
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		unbalanced centrifugal force calculations on shaft

		mass of tubes										Modulus of materials				Tensile Strength		density (kg/m3)

		mass of tube without holes (Kg)						0.0104644612				6061-T6 Aluminum		70 Gpa		0.6 GPa		2238

		mass of holes in tube						0				Carbon Whiskers (published)		1000 Gpa		21 Gpa

		mass of tube with holes (Kg)						0.0104644612				Carbon Whiskers (tested)		51 Gpa		731 MPa

		mass of wire supporting tab (Kg)						0.0001543961

		total mass (tube + supporting tab) (Kg)						0.0106188573

		centrifugal force per tube (N)						1.9225689006

		sectional properties of shaft										wire deflections under inertial loading

		area1(m^2)						5.54E-05				uniformaly loaded		0.0162513414

		moment of inertia (m^4)						8.72E-10

		area2(m^2)						9.51E-05

		moment of inertia (m^4)						1.20E-09

		Vertical tube area (m^2)						2.94E-05

		moment of inertia of tube w/o holes (m^2)						5.24E-10

		polar moment of inertia os shaft (m^4)						2.39E-09

										(in meters)		strains (m/m)		Stress (Pa)

		fea rotations and wire axial displacements

		left tube						1.54E-06		2.05E-07		1.80E-06		1.80E+03				0.0000542946

		right tube						1.80E-06		2.40E-07		2.10E-06		2.10E+03				0.0000950076

																		0.0000295589

		Analysis on Carbon Wire

								(microns)		area (m^2)		Initial Stress		2.10E+10

		wire area						30		0.0000000007		Initial Load		1.48E+01

		wire moment of inertia (m^4)						30		7.95215475E-20				3.34E+00				0.0000027247

		EA (N)								706.8582								0.0000031617

		Initial Strain								10

		Initial Load (N)								7068.582

		mass of wire (Kg)						0.0000001837

		total inertial force						0.0000669917		0.0000029127

		omega (rad/s)						52.3598666667

		wire deflections and tension

		center deflection				4.00E-06

		end angles (radians)				0.0000699301

		wire tension (Newton)				0.4789903308

		wire stress (MPa)				677.6328417384

		deflection (microns)		tension (stress) (MPa)		tension (force) in grams		product

		3		903		63.82929546		0.0001914879

		4		677		47.85430014		0.0001914172

		5		542		38.31171444		0.0001915586

		6		452		31.94999064		0.0001916999

		7		387		27.35541234		0.0001914879

		8		339		23.96249298		0.0001916999

		9		301		21.27643182		0.0001914879

		10		271		19.15585722		0.0001915586

		11		246		17.38871172		0.0001912758

		12		226		15.97499532		0.0001916999

		13		208		14.70265056		0.0001911345

		14		194		13.71304908		0.0001919827

		15		181		12.79413342		0.000191912

		16		169		11.94590358		0.0001911345

		17		159		11.23904538		0.0001910638

		18		151		10.67355882		0.0001921241

		19		143		10.10807226		0.0001920534

		20		136		9.61327152		0.0001922654

		Tube Deflections

		Initial Wire Load		0.24740037

		tip deflection (microns)		5.289378992

		equilibrium deflection (microns)		5.2181955927

		Equilibrium Load		0.2440709055		1.35%

		new stretch		765.0538048931

		original stretch		775.4901960784						omega (rad/sec)		53

		delta (microns)		5.2181955927						t - constant velocity		0.0592753208

		delta check (microns)		5.2182						t - acceleration		0.1185506415

		dynamic analysis

				hollow shaft		solid shaft - 3/8 in

		natural frequency of shaft		256.9039050677		134.5519290776

		mass of shaft		0.0384780912		0.0475418193				0		0

		shear modulus		26.9230769231		26.9230769231				0.12		53

		radius of gyration		5.00E-03		3.40E-03				0.18		53

		mass moment of inertia		1.19E-06		0.0000005496				0.3		0

		Angular Acceleration (rad/s^2)		441		441

		Peak Torque (Nm)		2.42E-04		2.42E-04

										0		0

		dynamic angular deflection (radians)		4.83E-05		6.10E-05				180		500

		dynamic angular deflection (arc minutes)		1.65E-01		2.09E-01				360		5.00E+02

		sqrt(mJG)		4.07E+00		3.22E+00				540		0

		static calculations assuming a solid 3/8 inch shaft				0.5in od 0.25 in id shaft

										0		0

		mass moment of inertia I (Kgm2)		0.0000005496						0		442

		Torque during peak acceleration (Nm)		0.0002423663		2.42E-04				0.12		442

		twist (theta in radians)		0.0000011117		0.000000564				0.12		0

		twist (arc-minutes)		0.0038219235		0.0019287633				0.18		0

		J (m^4)		0.0000000008		0.0000000024				0.18		-442

		J (m^4) IDEAS		8.10E-10		0.0000000024				0.3		-442

										0.3		0

								1		750

								21		750

								1		20

								21		20

		ANSYS Analysis (10/23/02 after Run-II meeting with beams division)

		Inertial torsion from motor on shaft, drive train includes 3/8 solid shaft, 0.5 inch solid shaft and 0.5 in OD, 0.25 in ID hollow shaft

		No bending loads

		peak static rotation (radians)		0.00000216

		peak static rotation (arc-min)		0.0073872

		Inertial torsion from motor on shaft, drive train includes 3/8 solid shaft, 0.5 inch solid shaft and 0.5 in OD, 0.25 in ID hollow shaft

		with bending loads

		peak static rotation (radians)		0.00000216

		peak static rotation (arc-min)		0.0073872

		peak shaft deflection (microns)		0.2

				tube maximum rotation		Wire deflections		Wire Strain		Wire Stress (MPa)

		right (closer to feedthrough)		4.50E-06		5.94E-07

		left (away from feedthrough)		1.66E-06		2.19E-07

		Total				8.14E-07		0.0000071182		7.1182222222

		Inertia calculations on the feedthrough drive

		Mass of rotating parts

				grams		lbs

		End Plate		40.3		0.0905617978

		Wobble Plate Assembly		156.66		0.3520449438

		Measuring Ring		170.46		0.3830561798

		Shaft		47.2		0.1060674157

		Coupling		35.73		0.0802921348

		Small Bearing		8.58		0.0192808989

		Large Bearing-1		13.82		0.0310561798

		Large Bearing-2		13.86		0.0311460674

		Large Bearing-3		13.94		0.0313258427

		Large Bearing-4		13.88		0.0311910112

		Total		514.43		1.1560224719

		Mass of non-rotating parts

		bellows / flange assembly		522.2		1.1734831461

		Total		522.2		1.1734831461

		Total (Rotating+non-rotating) - grams		1036.63

		Total weight (N)		10.158974

		Total (Rotating+non-rotating) - lbs		2.28576915

		Mass moment of inertia of the rotating system

		Measuring ring		9.00E-05

		Wobble plate assembly		7.74E-05

		Shaft		4.10E-07

		end plate		1.62E-05

		coupling		2.50E-06

		Total Inertia		1.87E-04

		Required torque (Nm)		8.23E-02

		Require torque (ft-lbs)		0.071
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Tensile Test of 30 micron Carbon Whisker
carb2_1

Crosshead Displacement: 0.087inch
Maximum Force: 0.0969 lbs.

Strength= F/A= 88,444.68  lb/in^2
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		unbalanced centrifugal force calculations on shaft

		mass of tubes										Modulus of materials				Tensile Strength		density (kg/m3)

		mass of tube without holes (Kg)						0.0104644612				6061-T6 Aluminum		70 Gpa		0.6 GPa		2238

		mass of holes in tube						0				Carbon Whiskers (published)		1000 Gpa		21 Gpa

		mass of tube with holes (Kg)						0.0104644612				Carbon Whiskers (tested)		51 Gpa		731 MPa

		mass of wire supporting tab (Kg)						0.0001543961

		total mass (tube + supporting tab) (Kg)						0.0106188573

		centrifugal force per tube (N)						1.9225689006

		sectional properties of shaft										wire deflections under inertial loading

		area1(m^2)						5.54E-05				uniformaly loaded		0.0162513414

		moment of inertia (m^4)						8.72E-10

		area2(m^2)						9.51E-05

		moment of inertia (m^4)						1.20E-09

		Vertical tube area (m^2)						2.94E-05

		moment of inertia of tube w/o holes (m^2)						5.24E-10

		polar moment of inertia os shaft (m^4)						2.39E-09

										(in meters)		strains (m/m)		Stress (Pa)

		fea rotations and wire axial displacements

		left tube						1.54E-06		2.05E-07		1.80E-06		1.80E+03				0.0000542946

		right tube						1.80E-06		2.40E-07		2.10E-06		2.10E+03				0.0000950076

																		0.0000295589

		Analysis on Carbon Wire

								(microns)		area (m^2)		Initial Stress		2.10E+10

		wire area						30		0.0000000007		Initial Load		1.48E+01

		wire moment of inertia (m^4)						30		7.95215475E-20				3.34E+00				0.0000027247

		EA (N)								706.8582								0.0000031617

		Initial Strain								10

		Initial Load (N)								7068.582

		mass of wire (Kg)						0.0000001837

		total inertial force						0.0000669917		0.0000029127

		omega (rad/s)						52.3598666667

		wire deflections and tension

		center deflection				4.00E-06

		end angles (radians)				0.0000699301

		wire tension (Newton)				0.4789903308

		wire stress (MPa)				677.6328417384

		deflection (microns)		tension (stress) (MPa)		tension (force) in grams		product

		3		903		63.82929546		0.0001914879

		4		677		47.85430014		0.0001914172

		5		542		38.31171444		0.0001915586

		6		452		31.94999064		0.0001916999

		7		387		27.35541234		0.0001914879

		8		339		23.96249298		0.0001916999

		9		301		21.27643182		0.0001914879

		10		271		19.15585722		0.0001915586

		11		246		17.38871172		0.0001912758

		12		226		15.97499532		0.0001916999

		13		208		14.70265056		0.0001911345

		14		194		13.71304908		0.0001919827

		15		181		12.79413342		0.000191912

		16		169		11.94590358		0.0001911345

		17		159		11.23904538		0.0001910638

		18		151		10.67355882		0.0001921241

		19		143		10.10807226		0.0001920534

		20		136		9.61327152		0.0001922654

		Tube Deflections

		Initial Wire Load		0.24740037

		tip deflection (microns)		5.289378992

		equilibrium deflection (microns)		5.2181955927

		Equilibrium Load		0.2440709055		1.35%

		new stretch		765.0538048931

		original stretch		775.4901960784						omega (rad/sec)		53

		delta (microns)		5.2181955927						t - constant velocity		0.0592753208

		delta check (microns)		5.2182						t - acceleration		0.1185506415

		dynamic analysis

				hollow shaft		solid shaft - 1/4 in

		natural frequency of shaft		198.9969091806		89.0879507988

		mass of shaft		0.064130152		0.0213767173				0		0

		shear modulus		26.9230769231		26.9230769231				0.12		53

		radius of gyration		5.00E-03		2.24E-03				0.18		53

		mass moment of inertia		1.60E-06		1.07E-07				0.3		0

		Angular Acceleration (rad/s^2)		441		441

		Peak Torque (Nm)		4.73E-05		4.73E-05

										0		0

		dynamic angular deflection (radians)		2.26E-04		3.39E-03				180		500

		dynamic angular deflection (arc minutes)		7.74E-01		1.16E+01				360		5.00E+02

		sqrt(IJG)		2.03E-02		1.36E-03				540		0

		static calculations assuming a solid 1/4 inch shaft				0.5in od 0.25 in id shaft

										0		0

		mass moment of inertia I (Kgm2)		0.0000002471						0		442

		Torque during peak acceleration (Nm)		0.0001089776		4.73E-05				0.12		442

		twist (theta in radians)		0.0000027517		0.0000001101				0.12		0

		twist (arc-minutes)		0.0094602393		0.0003764284				0.18		0

		J (m^4)		0.0000000002		0.0000000024				0.18		-442

		J (m^4) IDEAS		8.10E-10		0.0000000024				0.3		-442

										0.3		0

								1		750

								21		750

								1		20

								21		20

		ANSYS Analysis (10/23/02 after Run-II meeting with beams division)

		Inertial torsion from motor on shaft, drive train includes 3/8 solid shaft, 0.5 inch solid shaft and 0.5 in OD, 0.25 in ID hollow shaft

		No bending loads

		peak static rotation (radians)		0.00000216

		peak static rotation (arc-min)		0.0073872

		Inertial torsion from motor on shaft, drive train includes 3/8 solid shaft, 0.5 inch solid shaft and 0.5 in OD, 0.25 in ID hollow shaft

		with bending loads

		peak static rotation (radians)		0.00000216

		peak static rotation (arc-min)		0.0073872

		peak shaft deflection (microns)		0.2

				tube maximum rotation		Wire deflections		Wire Strain		Wire Stress (MPa)

		right (closer to feedthrough)		4.50E-06		5.94E-07

		left (away from feedthrough)		1.66E-06		2.19E-07

		Total				8.14E-07		0.0000071182		7.1182222222

		Inertia calculations on the feedthrough drive

		Mass of rotating parts

				grams		lbs

		End Plate		40.3		0.0905617978

		Wobble Plate Assembly		156.66		0.3520449438

		Measuring Ring		170.46		0.3830561798

		Shaft		47.2		0.1060674157

		Coupling		35.73		0.0802921348

		Small Bearing		8.58		0.0192808989

		Large Bearing-1		13.82		0.0310561798

		Large Bearing-2		13.86		0.0311460674

		Large Bearing-3		13.94		0.0313258427

		Large Bearing-4		13.88		0.0311910112

		Total		514.43		1.1560224719

		Mass of non-rotating parts

		bellows / flange assembly		522.2		1.1734831461

		Total		522.2		1.1734831461

		Total (Rotating+non-rotating) - grams		1036.63

		Total weight (N)		10.158974

		Total (Rotating+non-rotating) - lbs		2.28576915

		Mass moment of inertia of the rotating system

		Rotating Part		Mass (Kg)		Mass Moment of Inertia (Kg-m2)

		Measuring ring		0.17		9.00E-05

		Wobble plate assembly		0.16		7.74E-05

		Shaft		0.05		4.10E-07

		end plate		0.04		1.62E-05

		coupling		0.04		2.50E-06

		Total		0.46		1.87E-04

		Required torque (Nm)		8.23E-02

		Require torque (ft-lbs)		0.071
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Sheet1

		unbalanced centrifugal force calculations on shaft

		mass of tubes										Modulus of materials				Tensile Strength		density (kg/m3)

		mass of tube without holes (Kg)						0.0104644612				6061-T6 Aluminum		70 Gpa		0.6 GPa		2238

		mass of holes in tube						0				Carbon Whiskers (published)		1000 Gpa		21 Gpa

		mass of tube with holes (Kg)						0.0104644612				Carbon Whiskers (tested)		51 Gpa		731 MPa

		mass of wire supporting tab (Kg)						0.0001543961

		total mass (tube + supporting tab) (Kg)						0.0106188573

		centrifugal force per tube (N)						1.9225689006

		sectional properties of shaft										wire deflections under inertial loading

		area1(m^2)						5.54E-05				uniformaly loaded		0.0162513414

		moment of inertia (m^4)						8.72E-10

		area2(m^2)						9.51E-05

		moment of inertia (m^4)						1.20E-09

		Vertical tube area (m^2)						2.94E-05

		moment of inertia of tube w/o holes (m^2)						5.24E-10

		polar moment of inertia os shaft (m^4)						2.39E-09

										(in meters)		strains (m/m)		Stress (Pa)

		fea rotations and wire axial displacements

		left tube						1.54E-06		2.05E-07		1.80E-06		1.80E+03				0.0000542946

		right tube						1.80E-06		2.40E-07		2.10E-06		2.10E+03				0.0000950076

																		0.0000295589

		Analysis on Carbon Wire

								(microns)		area (m^2)		Initial Stress		2.10E+10

		wire area						30		0.0000000007		Initial Load		1.48E+01

		wire moment of inertia (m^4)						30		7.95215475E-20				3.34E+00				0.0000027247

		EA (N)								706.8582								0.0000031617

		Initial Strain								10

		Initial Load (N)								7068.582

		mass of wire (Kg)						0.0000001837

		total inertial force						0.0000669917		0.0000029127

		omega (rad/s)						52.3598666667

		wire deflections and tension

		center deflection				4.00E-06

		end angles (radians)				0.0000699301

		wire tension (Newton)				0.4789903308

		wire stress (MPa)				677.6328417384

		deflection (microns)		tension (stress) (MPa)		tension (force) in grams		product

		3		903		63.82929546		0.0001914879

		4		677		47.85430014		0.0001914172

		5		542		38.31171444		0.0001915586

		6		452		31.94999064		0.0001916999

		7		387		27.35541234		0.0001914879

		8		339		23.96249298		0.0001916999

		9		301		21.27643182		0.0001914879

		10		271		19.15585722		0.0001915586

		11		246		17.38871172		0.0001912758

		12		226		15.97499532		0.0001916999

		13		208		14.70265056		0.0001911345

		14		194		13.71304908		0.0001919827

		15		181		12.79413342		0.000191912

		16		169		11.94590358		0.0001911345

		17		159		11.23904538		0.0001910638

		18		151		10.67355882		0.0001921241

		19		143		10.10807226		0.0001920534

		20		136		9.61327152		0.0001922654

		Tube Deflections

		Initial Wire Load		0.24740037

		tip deflection (microns)		5.289378992

		equilibrium deflection (microns)		5.2181955927

		Equilibrium Load		0.2440709055		1.35%

		new stretch		765.0538048931

		original stretch		775.4901960784						omega (rad/sec)		53

		delta (microns)		5.2181955927						t - constant velocity		0.0592753208

		delta check (microns)		5.2182						t - acceleration		0.1185506415

		dynamic analysis

				hollow shaft		solid shaft - 1/4 in

		natural frequency of shaft		198.9969091806		89.0879507988

		mass of shaft		0.064130152		0.0213767173				0		0

		shear modulus		26.9230769231		26.9230769231				0.12		53

		radius of gyration		5.00E-03		2.24E-03				0.18		53

		mass moment of inertia		1.60E-06		1.07E-07				0.3		0

		Angular Acceleration (rad/s^2)		441		441

		Peak Torque (Nm)		4.73E-05		4.73E-05

										0		0

		dynamic angular deflection (radians)		2.26E-04		3.39E-03				180		500

		dynamic angular deflection (arc minutes)		7.74E-01		1.16E+01				360		5.00E+02

		sqrt(IJG)		2.03E-02		1.36E-03				540		0

		static calculations assuming a solid 1/4 inch shaft				0.5in od 0.25 in id shaft

										0		0

		mass moment of inertia I (Kgm2)		0.0000002471						0		442

		Torque during peak acceleration (Nm)		0.0001089776		4.73E-05				0.12		442

		twist (theta in radians)		0.0000027517		0.0000001101				0.12		0

		twist (arc-minutes)		0.0094602393		0.0003764284				0.18		0

		J (m^4)		0.0000000002		0.0000000024				0.18		-442

		J (m^4) IDEAS		8.10E-10		0.0000000024				0.3		-442

										0.3		0

								1		750

								21		750

								1		20

								21		20

		ANSYS Analysis (10/23/02 after Run-II meeting with beams division)

		Inertial torsion from motor on shaft, drive train includes 3/8 solid shaft, 0.5 inch solid shaft and 0.5 in OD, 0.25 in ID hollow shaft

		No bending loads

		peak static rotation (radians)		0.00000216

		peak static rotation (arc-min)		0.0073872

		Inertial torsion from motor on shaft, drive train includes 3/8 solid shaft, 0.5 inch solid shaft and 0.5 in OD, 0.25 in ID hollow shaft

		with bending loads

		peak static rotation (radians)		0.00000216

		peak static rotation (arc-min)		0.0073872

		peak shaft deflection (microns)		0.2

				tube maximum rotation		Wire deflections		Wire Strain		Wire Stress (MPa)

		right (closer to feedthrough)		4.50E-06		5.94E-07

		left (away from feedthrough)		1.66E-06		2.19E-07

		Total				8.14E-07		0.0000071182		7.1182222222

		Inertia calculations on the feedthrough drive

		Mass of rotating parts

				grams		lbs

		End Plate		40.3		0.0905617978

		Wobble Plate Assembly		156.66		0.3520449438

		Measuring Ring		170.46		0.3830561798

		Shaft		47.2		0.1060674157

		Coupling		35.73		0.0802921348

		Small Bearing		8.58		0.0192808989

		Large Bearing-1		13.82		0.0310561798

		Large Bearing-2		13.86		0.0311460674

		Large Bearing-3		13.94		0.0313258427

		Large Bearing-4		13.88		0.0311910112

		Total		514.43		1.1560224719

		Mass of non-rotating parts

		bellows / flange assembly		522.2		1.1734831461

		Total		522.2		1.1734831461

		Total (Rotating+non-rotating) - grams		1036.63

		Total weight (N)		10.158974

		Total (Rotating+non-rotating) - lbs		2.28576915

		Mass moment of inertia of the rotating system

		Rotating Part		Mass (Kg)		Mass Moment of Inertia (Kg-m2)

		Measuring ring		0.17		9.00E-05

		Wobble plate assembly		0.16		7.74E-05

		Shaft		0.05		4.10E-07

		end plate		0.04		1.62E-05

		coupling		0.04		2.50E-06

		Total		0.46		1.87E-04

		Required torque (Nm)		8.23E-02

		Require torque (ft-lbs)		0.071
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Sheet1

		unbalanced centrifugal force calculations on shaft

		mass of tubes										Modulus of materials				Tensile Strength		density (kg/m3)

		mass of tube without holes (Kg)						0.0104644612				6061-T6 Aluminum		70 Gpa		0.6 GPa		2238

		mass of holes in tube						0				Carbon Whiskers (published)		1000 Gpa		21 Gpa

		mass of tube with holes (Kg)						0.0104644612				Carbon Whiskers (tested)		51 Gpa		731 MPa

		mass of wire supporting tab (Kg)						0.0001543961

		total mass (tube + supporting tab) (Kg)						0.0106188573

		centrifugal force per tube (N)						1.9225689006

		sectional properties of shaft										wire deflections under inertial loading

		area1(m^2)						5.54E-05				uniformaly loaded		0.0162513414

		moment of inertia (m^4)						8.72E-10

		area2(m^2)						9.51E-05

		moment of inertia (m^4)						1.20E-09

		Vertical tube area (m^2)						2.94E-05

		moment of inertia of tube w/o holes (m^2)						5.24E-10

		polar moment of inertia os shaft (m^4)						2.39E-09

										(in meters)		strains (m/m)		Stress (Pa)

		fea rotations and wire axial displacements

		left tube						1.54E-06		2.05E-07		1.80E-06		1.80E+03				0.0000542946

		right tube						1.80E-06		2.40E-07		2.10E-06		2.10E+03				0.0000950076

																		0.0000295589

		Analysis on Carbon Wire

								(microns)		area (m^2)		Initial Stress		2.10E+10

		wire area						30		0.0000000007		Initial Load		1.48E+01

		wire moment of inertia (m^4)						30		7.95215475E-20				3.34E+00				0.0000027247

		EA (N)								706.8582								0.0000031617

		Initial Strain								10

		Initial Load (N)								7068.582

		mass of wire (Kg)						0.0000001837

		total inertial force						0.0000669917		0.0000029127

		omega (rad/s)						52.3598666667

		wire deflections and tension

		center deflection				4.00E-06

		end angles (radians)				0.0000699301

		wire tension (Newton)				0.4789903308

		wire stress (MPa)				677.6328417384

		deflection (microns)		tension (stress) (MPa)		tension (force) in grams		product

		3		903		63.82929546		0.0001914879

		4		677		47.85430014		0.0001914172

		5		542		38.31171444		0.0001915586

		6		452		31.94999064		0.0001916999

		7		387		27.35541234		0.0001914879

		8		339		23.96249298		0.0001916999

		9		301		21.27643182		0.0001914879

		10		271		19.15585722		0.0001915586

		11		246		17.38871172		0.0001912758

		12		226		15.97499532		0.0001916999

		13		208		14.70265056		0.0001911345

		14		194		13.71304908		0.0001919827

		15		181		12.79413342		0.000191912

		16		169		11.94590358		0.0001911345

		17		159		11.23904538		0.0001910638

		18		151		10.67355882		0.0001921241

		19		143		10.10807226		0.0001920534

		20		136		9.61327152		0.0001922654

		Tube Deflections

		Initial Wire Load		0.24740037

		tip deflection (microns)		5.289378992

		equilibrium deflection (microns)		5.2181955927

		Equilibrium Load		0.2440709055		1.35%

		new stretch		765.0538048931

		original stretch		775.4901960784						omega (rad/sec)		53

		delta (microns)		5.2181955927						t - constant velocity		0.0592753208

		delta check (microns)		5.2182						t - acceleration		0.1185506415

		dynamic analysis

				hollow shaft		solid shaft - 1/4 in

		natural frequency of shaft		198.9969091806		89.0879507988

		mass of shaft		0.064130152		0.0213767173				0		0

		shear modulus		26.9230769231		26.9230769231				0.12		53

		radius of gyration		5.00E-03		2.24E-03				0.18		53

		mass moment of inertia		1.60E-06		1.07E-07				0.3		0

		Angular Acceleration (rad/s^2)		441		441

		Peak Torque (Nm)		4.73E-05		4.73E-05

										0		0

		dynamic angular deflection (radians)		2.26E-04		3.39E-03				180		500

		dynamic angular deflection (arc minutes)		7.74E-01		1.16E+01				360		5.00E+02

		sqrt(IJG)		2.03E-02		1.36E-03				540		0

		static calculations assuming a solid 1/4 inch shaft				0.5in od 0.25 in id shaft

										0		0

		mass moment of inertia I (Kgm2)		0.0000002471						0		442

		Torque during peak acceleration (Nm)		0.0001089776		4.73E-05				0.12		442

		twist (theta in radians)		0.0000027517		0.0000001101				0.12		0

		twist (arc-minutes)		0.0094602393		0.0003764284				0.18		0

		J (m^4)		0.0000000002		0.0000000024				0.18		-442

		J (m^4) IDEAS		8.10E-10		0.0000000024				0.3		-442

										0.3		0

								1		750

								21		750

								1		20

								21		20

		ANSYS Analysis (10/23/02 after Run-II meeting with beams division)

		Inertial torsion from motor on shaft, drive train includes 3/8 solid shaft, 0.5 inch solid shaft and 0.5 in OD, 0.25 in ID hollow shaft

		No bending loads

		peak static rotation (radians)		0.00000216

		peak static rotation (arc-min)		0.0073872

		Inertial torsion from motor on shaft, drive train includes 3/8 solid shaft, 0.5 inch solid shaft and 0.5 in OD, 0.25 in ID hollow shaft

		with bending loads

		peak static rotation (radians)		0.00000216

		peak static rotation (arc-min)		0.0073872

		peak shaft deflection (microns)		0.2

				tube maximum rotation		Wire deflections		Wire Strain		Wire Stress (MPa)

		right (closer to feedthrough)		4.50E-06		5.94E-07

		left (away from feedthrough)		1.66E-06		2.19E-07

		Total				8.14E-07		0.0000071182		7.1182222222

		Inertia calculations on the feedthrough drive

		Mass of rotating parts

				grams		lbs

		End Plate		40.3		0.0905617978

		Wobble Plate Assembly		156.66		0.3520449438

		Measuring Ring		170.46		0.3830561798

		Shaft		47.2		0.1060674157

		Coupling		35.73		0.0802921348

		Small Bearing		8.58		0.0192808989

		Large Bearing-1		13.82		0.0310561798

		Large Bearing-2		13.86		0.0311460674

		Large Bearing-3		13.94		0.0313258427

		Large Bearing-4		13.88		0.0311910112

		Total		514.43		1.1560224719

		Mass of non-rotating parts

		bellows / flange assembly		522.2		1.1734831461

		Total		522.2		1.1734831461

		Total (Rotating+non-rotating) - grams		1036.63

		Total weight (N)		10.158974

		Total (Rotating+non-rotating) - lbs		2.28576915

		Mass moment of inertia of the rotating system

		Measuring ring		9.00E-05

		Wobble plate assembly		7.74E-05

		Shaft		4.10E-07

		end plate		1.62E-05

		coupling		2.50E-06

		Total Inertia		1.87E-04

		Required torque (Nm)		8.23E-02

		Require torque (ft-lbs)		0.071
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