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ABSTRACT

Norfolk Naval Shipyard (NNSY) Lifting and Handling Department, Code 700, has developed a technique for experimentally determining the alignment of support bearings and resulting fatigue factor of safety for continuous statically indeterminate shafting of crane hoist transmissions.  This process ensures that transmission shafting is satisfactorily aligned to prevent fatigue failure during the working life of the hoist.  This process was developed with support from the Bettis Atomic Power Laboratory using the guidelines of ANSI/ASME B106.1-M, Design of Transmission Shafting, to determine the minimum shaft fatigue factor of safety.  Guidance on required factor of safety was provided by the Navy Crane Center (NCC) using guidelines of the Crane Manufacturers Association of America (CMAA).  Since October 1998, NNSY has successfully applied this technique to approximately 150 hoist transmissions on lifting and handling equipment with rated capacities between 5 Tons and 200 Tons.  Although this technology has only been applied to hoist systems on lifting and handling equipment, it is applicable to any rotating drive system.
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ABBREVIATIONS/DEFINITIONS

ANSI
American National Standards Institute

ASME
American Society of Mechanical Engineers

CMAA
Crane Manufacturers Association of America

GF
Gage Factor

 
Strain (also S) (in./in.)

 
Stress (psi)

E
Modulus of Elasticity (psi)

Fp
Driving Gear Tooth Force (lbs.)

Ft
Driving Gear Tangential Force (lbs.)

Fr
Driving Gear Separation Force (lbs.)
Rt
Driven Gear Tangential Reaction (lbs.)

Rr
Driven Gear Separation Reaction (lbs.)

Rp
Driven Gear Tooth Reaction (lbs.)

rGEAR
Driving Gear Pitch Radius (in.)


Gear Tooth Contact Pressure Angle (degrees)

T
Shaft Torque (in. lbs.)

hp
Rated Motor Horsepower

rpm
Shaft Speed at Rated Motor Horsepower

M
Bending Moment (in. lbs.)

T
Applied Shaft Torque (in. lbs.)

MTOTAL 
Total Calculated Bending Moment (in. lbs.)

(TOTAL 
Total Calculated Bending Stress (psi)

I
Moment of Inertia of the Shaft Section (in4)

c
Radial Distance From Shaft Centerline to Shaft Surface (inches)

d
Shaft Diameter (inches)

FS
Factor of Safety

Sy
Material Tensile Yield Strength (psi)

Sf
Actual Shaft Material Fatigue (Endurance) Limit (psi)

Sf*
Ideal Shaft Material Fatigue (Endurance) Limit (psi)

Sult 
Shaft Material Ultimate Tensile Strength (psi)

ka
Surface Finish Factor

kb
Size Factor

kc
Reliability Factor

kd
Temperature Factor

ke
Duty Cycle Factor

kf 
Fatigue Stress Reduction Factor

kg
Miscellaneous Effects Factor

Kf 
Fatigue Stress Concentration Factor

Kt
Theoretical Stress Concentration Factor

q
Notch Sensitivity

Kc
CMAA Crane Class Factor

(e
Shaft Material Endurance Strength (psi)

(t
Combined Bending and Shear Stress (psi)

INTRODUCTION

A typical crane hoist consists of three main parts: a motor, reduction gears, and a wire rope drum.  Solid steel shafts are used to transmit the motion of each component to the next component in line.  The shafts ride on bearings that both support and position the shafting.  The transmission shafts of some hoists are supported on more than two bearings.  When more than two bearings are used, proper alignment is critical to prevent shortened shaft life resulting from fatigue bending failure due to induced deflection.  Figure 1, page 11, shows typical hoist system components.

Alignment of three or more roller bearings to support a continuous crane hoist transmission shaft is traditionally accomplished using either machinist levels or dial indicators.  One standard technique is to check the levelness of the shaft supported in the bearings against a master level surface using bubble levels.  Another technique calls for loosening bearing fasteners until the shaft is constrained in only two locations.  The shaft is then physically deformed and allowed to return to a neutral position as indicated by dial indicators.  This neutral position is used to define the fixed location of any other supports.  Use of levels to check for parallelism between surfaces is the least accurate method, resulting in less than ideal alignment condition.  The physical deformation method is more accurate but requires partial disassembly of the hoist and rotation of the shafting while in an unsupported condition.  Of these methods, none is capable of bearing alignment better than approximately .010” over shaft length.  At best, both methods are time consuming and less accurate than desired.  At worst, physical deformation of the shaft has produced permanent shaft damage in some cases.  In addition, disassembly of any portion of a hoist system may result in introduction of misalignment into the system during restoration.

The Lifting and Handling Department at NNSY has developed an alignment technique which uses strain gages to directly measure stress at the shaft surface, without disassembly.  Using mathematical modeling, measured stress is used to accurately determine misalignment.  In the final step, the misalignment is used to predict the shaft life against fatigue failure and determine the factor of safety.

EXPERIMENTAL MEASUREMENT OF SHAFT STRESS

Strain gages consist of a flat wire grid of a known resistance.  Under tension, the wires of the grid stretch.  By Poisson’s principle, elongation of the wires is accompanied by a reduction in cross sectional area.  Due to the reduced electrical flow path presented by the reduced cross section, electrical resistance of individual wires increases.  Under compressive force, the opposite circumstances produce a decrease in electrical resistance.  When compared to the pre-stressed wire resistance, there is a net change in resistance.  This change is directly proportional to the amount of gage elongation by a Gage Factor (GF).  The gage factor is constant for a particular strain gage and is experimentally determined by the gage manufacturer.  Conversion of the change in resistance by use of the gage factor results in measurements with units of inch of grid elongation per inch of gage grid length.  The ratio of one inch of gage grid elongation per one inch of gage grid length is known as one Strain, symbolized ( or S.  Because of the small scale of strain measurements in practice, 10-6  or  is the typical unit.

The gages used by NNSY for measurement of strain in hoist transmission shafting consist of a polyimide backing with a Constantan resistance grid.1  Polyimide backing is chosen for use with carbon steel shafting due to the high toughness of the backing material, yet relatively small modulus of elasticity, E.  The large difference in elastic modulus between the shaft and gage material means that the gage does not appreciably strengthen the shaft in the location being measured.  Constantan, a copper nickel alloy, is chosen as the grid material for its resistance to fatigue,2 especially at strain levels less than 1000 .  Recorded strain levels for this process have been in the range of approximately 10 to 300 .

A standard gage set for measuring strain in crane hoist transmission shafting consists of two gages mounted either 90 degrees or 180 degrees apart at the same axial shaft location.  Measurements are taken while the shaft is rotated.  As the shaft rotates, deformation of the shaft occurs due to action of the supports, meshing transmission gearing, and component weights.  Each gage should cycle between a positive strain value indicating tension and a negative strain value indicating compression.  The peak magnitude for each gage in the pair should be identical and the outputs should mirror each other relative to the phase angle between them.  The magnitude of the readings from each of the two gages is compared to confirm accurate strain output.  An alternate setup uses multiple pairs of gages at several axial locations.  The readings from several sets of gages are used to validate the output of a finite element shaft model.

Strain gages are fixed to the shaft material using either a cyanoacrylate ester adhesive3 or a two component epoxy system.4  Although epoxy adhesive is more durable, its comparatively long cure time and the need for a clamping fixture makes it impractical for most applications.  Both adhesives are acceptable in this application due to good fatigue resistance at ambient temperature, and low viscosity that results in thin gluelines.  Thin gluelines are desirable since the strain value will change with increased distance from the shaft surface.  As with the gage material, both adhesives have a low modulus of elasticity, preventing significant reinforcement of the gauged specimen.

The shaft is prepared for gage installation5 by application of a degreaser, typically 1,1-dichloro-1-fluoroethane, acetone, or isopropyl alcohol.  The shaft is then abraded using very fine silicon-carbide paper to remove any surface rust, scale, paint, galvanization, or oxides that would prevent direct contact to the shaft surface.  The surface of the shaft is then further cleaned using a mild phosphoric acid solution.  The final step in preparation is to apply ammonia water to neutralize the acid and provide neutral pH at the shaft surface for better adhesive curing.  The shaft is then wiped dry.

The gage is positioned on the shaft, ensuring that the centerline of the gage is at a known axial location.  The adhesive is applied to the back of the gage.  Pressure is applied to the gage for the manufacturer’s recommended cure time.  Figure 2, page 12, shows a strain gage installed on a hoist shaft.

After the strain gages are attached to the shaft, instrumentation leadwires are attached6 to each gage by soldering.  Any residual flux from the soldering operation is removed using a toluene solvent.  Finally, a coating, typically polyurethane is applied to provide environmental protection.

Soldering of joints is required to ensure against reading errors caused by poor leadwire to gage joint integrity.  Any change in joint contact results in small fluctuations of resistance.  This is critical since only 0.25 Ohms of resistance change result in an indicated strain of 1000  for the instrumentation used.

The leadwires from each gage are attached to a strain indicator.  The strain gage manufacturer’s supplied gage factor is dialed into the instrument.  The instrument contains a Wheatstone bridge circuit, into which the strain gage is attached as the final arm.  An excitation voltage 
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is introduced into the circuit, and the resulting voltage change across opposite nodes of the bridge is measured to determine resistance change in the gage arm.  Compared to directly measuring resistance change in a single strain gage, the Wheatstone bridge circuit gives greater voltage response7 for the same resistance change resulting in an improved signal to noise ratio.  Internal instrument circuitry and application of the gage factor result in a digital output from the instrument in micro strain.  For the equipment used, the minimum resolution is 1 or 0.00025 Ohms.  Figure 3, page 13, shows strain gage instrumentation attached to strain gage leadwires.

Prior to beginning strain measurements, loading on the hoist machinery is removed as much as possible.  This is done to ensure that the measured strain is predominantly due to bearing misalignment.  Any loading on the hoist increases deflection of the shafting due to gear mesh forces.  Stress in the shaft due to hoist loading will be determined mathematically.  If present during strain measurement, it will increase the level attributed to misalignment.

The strain at the surface of the shaft at the axial position of the gage is then measured.  During measurement, the shaft is rotated through three complete revolutions.8  While rotating, strain values are recorded for every 30 degrees of shaft rotation.  Rotation is always in the same direction.  During recording, the values are checked for steady change to a peak value and then return to the original reading at the completion of each cycle.  Also, repeatability of readings between cycles and proper phase relationship between gages is observed.  When the gages are 180 degrees apart, this phase relationship is exhibited by equal strain values with opposite signs.  Figure 4, page 14, shows the format of measured strain values and other key information on the hoist being measured.

Following on site data recording, the strain values are processed for use in evaluation of misalignment.  If the initial strain gage location is directly on the neutral strain axis of the shaft, the recorded strain readings are equally distributed between compressive and tensile values and the maximum recorded value is the maximum shaft strain.  Because the circumferential position of the gage relative to the maximum and minimum strain reading is arbitrary, the strain values for a given cycle must be normalized to give indication of the actual magnitude of tensile and compressive shaft strain.  This is done by calculating the average strain reading for each gage independently, and then subtracting the average from each reading.  The result is that tensile and compressive strain readings are evenly distributed above and below a zero line, the strain at the shaft’s neutral axis, and the maximum normalized value is the actual maximum shaft strain.  Before using the strain values for further analysis, the normalized values are checked to ensure that the expected distribution and relationship between values exists.  

The normalized values are plotted in the sequence recorded.  The resulting curve should approximate a sine wave.  This configuration is a result of each gage moving from tension to compression, or vice versa, as the cycle progresses.  The plots for each gage at a single axial location are then superimposed.  The phase difference between the curves should be equal to the angular separation between gages as they were installed on the shaft.  The gage curve maximum amplitudes are then compared between cycles for each gage and between gages to ensure that the indicated strain magnitude is consistent.

Radar plots are prepared for each gage and superimposed for each cycle.  A line drawn through the intersections of the gage radar plots defines the approximate location of the shaft neutral axis.  For each cycle, the neutral axis location is determined.  This location is compared between cycles to ensure consistency.

When all checks of the recorded strain data are satisfactory, the maximum zero to peak normalized value is accepted as the maximum strain value for the shaft axial position where the strain gages were installed.  Unsatisfactory data checks can indicate improper gage installation, equipment calibration problems, or the existence of a defect in the shaft.  Figure 5, page 15, shows a normalized set of strain values along with the strain distribution and radar plots.

EXTRAPOLATION OF MEASURED STRESS ALONG SHAFT

Selection of the axial location for strain gage placement will ideally provide a direct reading of the shaft surface strain at the location considered to be the weakest point.  However, because of installed components, access covers, transmission housings, and the inaccessible location of stress concentrations at keyways and shaft diameter changes, it is not practical to install a gage in the desired location.  For this reason, the gage is installed at an accessible location on the shaft, and the value of strain at critical locations is determined by the use of a mathematical model.

A sketch of the shaft is made, noting shaft section lengths and diameters, and the locations of bearings, gears, the strain gages, and the geometry of any discontinuities that cause stress concentration.  Figure 6, page 16, shows a shaft sketch with all necessary detail, including calculation of geometric and material properties for each section.

Shaft loading is considered next.  The magnitude and direction of applied gear forces are calculated based on the rated hoist motor horsepower.  Rated motor horsepower is used in lieu of hoist rated capacity to ensure a factor of safety against worst case loading.  Neglecting any mechanical losses in the hoist transmission gearing, the shaft torque is calculated as follows:
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(1) ; where
T = Shaft Torque (in.-lbs.),

hp = Rated Motor Horsepower (hp), and

rpm = Shaft Speed at Rated Motor Horsepower (rpm).

From shaft torque, the applied gear tooth load for each gear on the shaft is calculated9 as follows:
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(7); where
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Ft = Driving Gear Tangential Tooth Load (lbs.),

Fr = Driving Gear Separation Force (lbs.),

Fp = Driving Gear Tooth Load (lbs.),

Rt = Driven Gear Tangential Reaction Force (lbs.),

Rr = Driven Gear Separation Force (lbs.),

Rp = Driven Gear Tooth Load (lbs.),

( = Pressure Angle (degrees), and

rGEAR = Driving Gear Pitch Radius (in.).

Generally, gear tooth contact occurs along a horizontal plane that passes through all transmission shafts.  As shown in the figure above, this makes Ft a vertical force and Fr a horizontal force.  The bending moment created by bearing misalignment also generally acts within a few degrees of the vertical plane.  Since the sum of stresses due to misalignment and the larger vertical gear forces is much larger in magnitude than the stress due to smaller horizontal gear forces, horizontal gear forces have little effect on the shaft factor of safety.  To simplify analysis, horizontal loading is generally neglected, however the gear tooth load Fp or Rp are used since they represent the maximum force seen by the shaft, independent of direction.

A finite element model is prepared using beam elements to represent the shaft.  Model nodes are located at each change in shaft diameter, at gear locations, at the location of applied gear forces, and at bearing locations.  Shaft material and geometric properties are specified in the program input file.  Figure 7, page 17, shows a finite element model input file.

Shaft support bearings are modeled as a single node located at the center of width of the actual bearing.  The boundary condition at the bearing nodes consists of restraints in the vertical and horizontal directions, but allows for axial movement of the shaft.  Also, angular movement is not fixed to allow infinite angular misalignment of the shaft.  This approach approximates the movement allowed by roller bearing clearances.

Shaft stress can be described as the result of four moments: moment due to misalignment (Ma); moment due to pinion gear weight (Mp); moment due to shaft weight (Mw); and moment due to design loading (Md).  Since the strain is measured in an unloaded condition, it represents the effect of Ma, Mp, and Mw.  The remaining moment, Md, can be determined by applying the calculated gear forces to the shaft model.  Because of this separation of the bending moments, the finite element model is solved in two separate loading cases.  The results of these cases are summed to predict the fatigue factor of safety of the shaft.  In each case, stress is determined at each node of the model due to the applied load and chosen boundary conditions.

The first load case determines the stress in the shaft due to application of the design load.  Loads are applied to the shaft at gear mesh locations based on rated hoist motor horsepower.  Misalignment and shaft weight are neglected to determine the stress at various locations on the shaft due to the action of meshing gears alone.  The result is the bending stress experienced by a perfectly aligned shaft due to the action of the hoist transmission gearing and a maximum motor capacity load.  Figure 8, page 18 shows the output file for a design load case.

The second case determines the stress in the shaft due to misalignment of the shaft supports.  This case neglects the action of transmission gearing and the hoist load.  In this case the outboard shaft support is deflected until the calculated stress equals the measured strain equivalent stress at the location of the gage.  Equivalent stress is obtained by multiplying the measured strain by the material elastic modulus.  Shaft weight that was present during strain measurement is also applied.  Figure 9, page 19 shows an output file for a misalignment case.

The calculated stresses from the two load cases are individually converted to bending moment using the following relation: 
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  (8); where

M = Calculated Bending Moment (in.-lbs.),

( = Calculated Bending Stress (psi),

I = Shaft Section Moment of Inertia ((d4/64 in4), and

c = Radial Distance From Centerline To Shaft Surface.

The individual bending moments are then summed at each node by superposition.  This total bending moment then represents the bending moment due to misalignment + bending moment due to shaft weight + bending moment due to attached gear weight + bending moment due to design load.

DETERMINATION OF FACTOR OF SAFETY

Determination of the factor of safety based on the calculated bending moment at each node in the shaft model is based on the equation for required shaft diameter provided in ANSI/ASME B106.1M, Design of Transmission Shafting.10  For a given factor of safety, the equation is:


[image: image9.wmf]÷

÷

ø

ö

ç

ç

è

æ

+

÷

÷

ø

ö

ç

ç

è

æ

=

y

S

T

f

S

TOTAL

M

FS

d

2

2

3

4

3

32

p


 (9); where

d = Shaft Diameter (in.),

FS = Design Factor of Safety,

MTOTAL = Total Bending Moment (in.-lb.),

Sf = Shaft Material Fatigue (Endurance) Limit (psi),

T = Applied Shaft Torque (in.-lb.), and

Sy = Shaft Material Tensile Yield Strength (psi).

In the case presented, the shaft diameter is known, but the factor of safety corresponding to the applied loading is desired.  The equation is reconfigured as follows:
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(10).

Sy is a function of the shaft material, and is known based on crane manufacturer as-built specifications, along with the ultimate tensile strength of the shaft, Sult.

Sf is determined by a seven-factor formula10 that takes into account shaft diameter, surface finish, duty cycle, and any stress reduction (stress concentration) factors present in the shaft.  Typical values for Sf in crane transmission shafting are between 5 and 30% of the shaft material ultimate tensile strength, depending upon shaft section geometry and the proximity to stress concentrations.  The formula that defines Sf  is:
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    (11); where 

ka = Surface Finish Factor,

kb= Size Factor,

kc= Reliability Factor,

kd = Temperature Factor,

ke = Duty Cycle Factor,

kf = Fatigue Stress Reduction Factor,

kg = Miscellaneous Effects Factor, and 

Sf*= Ideal Shaft Material Fatigue (Endurance) Limit (psi).

The seven factors in the relationship above are designed to relate experimentally determined material fatigue limits to the actual shaft condition.  Tabulated fatigue limits for a material are based on a highly polished, notch-free, rotating beam specimen.  The seven factors convert the published fatigue limit to a conservatively determined estimate of the fatigue limit of the actual shaft.

The surface finish factor, ka, accounts for the difference in fatigue limit between a highly polished specimen and the actual shaft finish.  This effect is due to the propagation of fatigue cracks from the surface of the shaft.  Any surface irregularities present themselves as small stress risers, and the surface finish can either benefit or adversely impact the ability of the shaft surface to resist fatigue cracking.  The value of ka is determined using standard figures of experimental data based on the general shaft surface condition (fine ground, machined, hot rolled, etc.) and the shaft surface ultimate tensile strength.  For most hoist transmission shafts, the value is approximately 0.8.

The size factor, kb, accounts for the fact that the fatigue limit of a material generally decreases as shaft size increases.  This is due to the increased probability of the existence of a fatigue-initiating defect when shafting surface area increases.  Experimental determination of the fatigue limit based on shaft size has been conducted with varying results.  Generally, the value of ka for shafts between two and ten inches in diameter is determined10 by the following expression:
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(12); where 

d = Shaft Diameter (inches).

The reliability factor, kc, accounts for variability in the preparation of material specimens and composition of metallurgical structures.  ANSI B106.1M assumes shaft failure to follow a Gaussian failure distribution with standard deviation of 8% of the mean fatigue limit strength.  Due to the critical nature of crane hoist shafting and the potential for severe personnel and equipment damage in the event of failure, the acceptable shaft nominal reliability is assumed to be 99.9%.  The resulting value of kc at 0.999 reliability is 0.753.

The temperature factor, kd, is neglected for this process.  This factor accounts for the change in material properties for most metals that accompany a change in temperature.  Normal operating temperature for crane hoist shafting is about –20 oF to 150 oF.  Values of material endurance strength based on operating temperature10 indicate that the fatigue strength of most steel is unchanged in the range of –70 oF to 400 oF.  For this reason, the value of kd is taken to be 1.0.

The ideal material fatigue limit assumes that the shaft is subjected to constant amplitude, completely reversing stresses.  The duty cycle factor, ke, accounts for departure of the actual shaft loading condition from this ideal loading condition.  The factor is only useful in cases where loading occasionally exceeds the fatigue limit.  Because the assumption of this analysis is that stress never exceeds the material fatigue limit, the value of 1.0 for ke is conservative.  However, 0.95 is used to introduce an additional factor of safety.

The fatigue stress reduction factor, kf, accounts for increased stress at the point of a discontinuity in the geometry of the shaft.  Factors for theoretical static stress concentration are determined using figures of plotted data recorded during experimental observation.  The value of the concentration at a particular discontinuity is based on the geometry of the discontinuity including the change in dimension and the rate of change of the dimension.  A notch sensitivity factor, q, is used to relate the theoretical stress concentration factor to a fatigue stress concentration factor.  The notch sensitivity factor reduces Kt since the effect of a geometric discontinuity on fatigue strength is less than the effect on tensile strength.10  The relation between theoretical stress concentration and fatigue stress concentration11 is:
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(13); where
Kf = Fatigue Stress Concentration Factor,

Kt = Theoretical Stress Concentration Factor, and

q = Notch Sensitivity.

Values for Kt are determined using figures contained in various references on stress concentration for specific discontinuity geometry.  Typical values for Kt in hoist transmission shafting are approximately 2.0.

The value of q is determined based on the tensile strength of the material and the radius of the stress concentration.  q can be approximated by:


[image: image14.wmf]r

a

q

+

=

1

1


(14); where

r = notch radius, and 

a = .0025 for quenched and tempered alloy steel, or

      .01 for annealed and normalized alloy steel. 11
For most hoist shaft dimensions and materials encountered, the value of q is approximately 0.8. 

Once Kt and q are known, kf  is determined by:
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(15).

A keyway is a special case of stress concentration for which extensive experimental determination of stress concentration has been performed.  The value of Kt, Kf, kf, and q for a keyway can be found using the above process, however, values of kf for keyways are directly tabulated10 as a minimum of 0.5.

For shaft cross-sections containing more than one stress concentration, the value used for kf is typically the most conservative value.  Stress concentrations are not typically summed.  For most hoist stress concentration geometry, values for kf are between 0.4 and 0.6.

The miscellaneous effects factor, kg, accounts for additional factors that impact fatigue life including residual stresses due to manufacturing processes, corrosion, heat treatments, platings, and the environment.  These considerations are not generally applicable to crane hoist transmission shafting, and the value of kg is taken to be 1.0.

The final value necessary for the seven-factor formula is the theoretical fatigue endurance limit of the material, denoted Sf*.  This value can be found in standard material tables.10  If no specific value for a material is found, a good estimate used in this evaluation is 50% of the material ultimate tensile strength.

Once all values required by the FS calculation are known, the factor of safety is determined for all critical nodes on the shaft using values for bending moment determined using the finite element model load cases.

In practice, FS is determined using a spreadsheet that contains the calculations explained above.  Figure 10, page 20, shows a completed hoist spreadsheet indicating the factor of safety at all critical nodes.

EVALUATION OF RESULTS

Evaluation of the analysis result is based on Crane Manufacturer’s Association of America (CMAA) Specification #70, Specifications for Top Running Bridge & Gantry Type Multiple Girder Electric Overhead Traveling Cranes.  Although this process is applicable to other type of crane hoists, this specification is applicable since the requirements are the same for all classes.  CMAA defines six service classes for electric overhead traveling cranes.12
The most stringent service class is Class F (Continuous Severe Service), defined as a crane capable of handling loads approaching rated capacity continuously under severe service conditions throughout its life.  

Determination of the service class is based on a combination of four load classes, and four load cycle classes.  The most stringent load class is L4, defined as cranes that are regularly loaded close to the rated load.  The most stringent load cycle class is N4, defined as over 2,000,000 cycles.  Due to the sensitivity of lifts made in the Navy community and the potential for severe equipment damage or personnel injury in the event of failure, the most stringent classes are appropriate for determining the acceptability of a shaft installation.  Based on this assumption, Class F is appropriate for determining Navy crane design criteria.  

For a Class F crane, CMAA specifies a crane class factor, Kc, of 1.25.  Kc is comparable to the Factor of Safety (FS) calculated previously.  Kc is defined as:
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 (16); where 

(e = endurance strength of the shaft material, and

(t = combined bending and torsional stress.12 

Based on CMAA recommendations, for any hoist with an existing alignment that provides FS ( 1.5, no action is taken.  If the alignment produces a factor of safety between 1.0 and 1.5, the expectation is that no significant damage to the shaft has occurred as a result of minor misalignment and that the remaining shaft life still provides a 1.0 factor of safety against fatigue failure.  The hoist is realigned to prevent any possibility of shaft failure.8  Realignment is directed by the calculated bearing misalignment.  Strain gages are then used to check that the new aligned condition provides FS of 1.5 or greater.  

For any alignment with a factor of safety less than 1.0, where the hoist has had any appreciable run time, the shaft will be replaced and the alignment corrected.8  This determination is based on the assumption that applied shaft stress has been in excess of fatigue limit, potentially reducing the life of the shaft and indicating increased potential for shaft failure and reliability less than 99.9%.

CONCLUSION

Strain gages are a viable method for determining actual misalignment of shaft supports for a shaft supported on three or more bearings.  For minimal cost and without disturbing the configuration of a hoist, the factor of safety against fatigue failure can be accurately determined.  Since October 1998, Norfolk Naval Shipyard has applied this technology to crane hoist transmission shafting of various sizes and configurations from 5 Ton capacity to 250 Ton capacity.  Results have been consistent and predictable for all applications.
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Figure 1.  Crane Hoist Components









Figure 2.  Strain Gage Installed on Hoist Shaft






Figure 3.  Strain Gage Instrumentation
STRAIN GAGE DATA SHEET

CRANE NUMBER  AE-172           HOIST  MAIN          LOCATION  Bldg 59, Philadelphia NBC

Pass #1
Pass #2
Pass #3

Data Point
Gage 1
Gage 2
Gage 1
Gage 2
Gage 1
Gage 2

12
0
1
-4
-2
-4
-6

1
25
-26
16
-29
20
-30

2
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-73
72
-86
71
-80

3
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-121
130
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118
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4
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-170
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5
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-188
203
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200
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6
201
-185
205
-190
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-194

7
178
-161
176
-162
179
-167

8
129
-116
132
-120
138
-125

9
75
-66
83
-72
86
-76

10
23
-21
36
-30
38
-31

11
6
-5
4
-4
4
-5

12




-7
-2

Hoist Capacity  20,000 lbs.       Hoist Motor Rating  15 hp @ 1200 rpm
GAGE LOCATION


Gage Factor  2.065
    Gage Number  CEA-06-500UW-120

1.  (Sketch Gage Location Including Dimensions to Nearest Fixed Reference Point)


2.  (Label Shaft With Data Point Orientation, Sketch Gage Location, and Label Reference Surface)

Figure 4.  Completed Strain Gage Data Sheet
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Figure 5.  Normalized Strain Values

AE-172 Main Hoist Pinion Shaft


[image: image18.wmf]Node

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

Inter-Nodal Dist.

0.000

0.625

0.156

4.468

0.156

0.969

3.094

0.063

0.656

0.625

2.000

2.063

0.438

3.750

0.438

0.313

1.500

X-Dimension

0.00

0.63

0.78

5.25

5.41

6.37

9.47

9.53

10.19

10.81

12.81

14.87

15.31

19.06

19.50

19.81

21.31

Node Diameter

2.362

2.362

2.750

3.003

3.003

3.003

3.003

3.003

3.150

3.150

3.495

3.495

3.440

2.625

2.625

2.187

2.187

Element No.

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

Element Diam.

2.362

2.750

3.003

3.003

3.003

3.003

3.003

3.150

3.150

3.495

3.495

3.495

3.440

2.625

2.625

2.187

Geometry Code

236

275

300

300

300

300

300

315

315

350

350

350

344

262

262

218

Material Code

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

Area

4.382

5.940

7.080

7.080

7.080

7.080

7.080

7.791

7.791

9.594

9.594

9.594

9.294

5.412

5.412

3.757

I 

(PI*d^4/64)

1.565

2.876

4.087

4.087

4.087

4.087

4.087

4.948

4.948

7.503

7.503

7.503

7.042

2.388

2.388

1.150

J (2*I)

3.130

5.752

8.174

8.174

8.174

8.174

8.174

9.896

9.896

15.007

15.007

15.007

14.084

4.775

4.775

2.301

Recovery (c)

1.181

1.375

1.501

1.501

1.501

1.501

1.501

1.575

1.575

1.748

1.748

1.748

1.720

1.313

1.313

1.094

Material Code 1 = Alloy Steel, E=29,000,000 pis, Poisson Ratio .29, Density .283 lbs/in^3

+X

CL

CL

CL

Gage

CL

(1)

(3)

(4)

(2)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

(12)

(13)

(17)

(16)

(15)

(14)

Keyway, 3/4" x 3/8"

Keyway, 7/8" x 7/16"

1/32"R

1/8"R

1/16"R

1/16"R

1/16"R

1/4"R

1/16"R

Gearbox

Internals

Shaft material is 4140HT, treated to 28-32 Rockwell C (270 Bhn minimum).  Minimum Tensile Strength based on Brinell hardness is 132 ksi.
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Dimensions outside the gearbox taken from Naval Facilities Engineering Command drawing 3321, Hoist Reducer.


Figure 6.  Shaft Sketch with Model Data
AE-172 Main Hoist Pinion Shaft Model

  17          TOTAL NUMBER OF NODES

  16          TOTAL NUMBER OF ELEMENTS

   1          LARGEST DIFFERENCE BETWEEN 2 NODES

X/Y/Z COORDINATES OF NODES

 0.0000E+00   0.0000E+00   0.0000E+00

 6.2500E-01   0.0000E+00   0.0000E+00

 7.8100E-01   0.0000E+00   0.0000E+00

 5.2490E+00   0.0000E+00   0.0000E+00

 5.4050E+00   0.0000E+00   0.0000E+00

 6.3740E+00   0.0000E+00   0.0000E+00

 9.4680E+00   0.0000E+00   0.0000E+00

 9.5310E+00   0.0000E+00   0.0000E+00

 1.0187E+01   0.0000E+00   0.0000E+00

 1.0812E+01   0.0000E+00   0.0000E+00      10

 1.2812E+01   0.0000E+00   0.0000E+00

 1.4875E+01   0.0000E+00   0.0000E+00

 1.5313E+01   0.0000E+00   0.0000E+00

 1.9063E+01   0.0000E+00   0.0000E+00

 1.9501E+01   0.0000E+00   0.0000E+00

 1.9814E+01   0.0000E+00   0.0000E+00

 2.1314E+01   0.0000E+00   0.0000E+00      17

TYPE   ELEMENT NODES   ROTATION ANGLE   MATERIAL   GEOMETRY

 1        1     2      0.0000E+00           1        236

 1        2     3      0.0000E+00           1        275

 1        3     4      0.0000E+00           1        300

 1        4     5      0.0000E+00           1        300

 1        5     6      0.0000E+00           1        300

 1        6     7      0.0000E+00           1        300

 1        7     8      0.0000E+00           1        300

 1        8     9      0.0000E+00           1        315

 1        9    10      0.0000E+00           1        315

 1       10    11      0.0000E+00           1        350      10

 1       11    12      0.0000E+00           1        350

 1       12    13      0.0000E+00           1        350

 1       13    14      0.0000E+00           1        344

 1       14    15      0.0000E+00           1        262

 1       15    16      0.0000E+00           1        262

 1       16    17      0.0000E+00           1        218      16


Figure 7.  FEM Input Data File

AE-172 Main Hoist Pinion Shaft Design Load Case

TOTAL NUMBER OF NODES                     17

TOTAL NUMBER OF ELEMENTS                  16

LARGEST DIFFERENCE BETWEEN 2 NODES         1

BANDWIDTH                                 12

TOTAL NUMBER OF CONSTRAINTS                         10

TOTAL NUMBER OF LOADS                                0

TOTAL NUMBER OF GLOBAL UNIFORM LOADED ELEMENTS       3

TOTAL NUMBER OF MOMENTS                              0

TOTAL NUMBER OF DISPLACED NODES                      0

ACCELERATION X       0.0000E+00 

ANGULAR VELOCITY X   0.0000E+00

ACCELERATION Y       0.0000E+00 

ANGULAR VELOCITY Y   0.0000E+00

ACCELERATION Z       0.0000E+00 

ANGULAR VELOCITY Z   0.0000E+00


Element  Uniform X   Uniform Y   Uniform Z 

Fixed Node   Axes 

   6     0.000E+00   0.000E+00  -2.193E+03

   1         X Y Z RX RY RZ 

   7     0.000E+00   0.000E+00  -2.193E+03

   9         Y Z 

  13     0.000E+00   0.000E+00  -2.404E+03

  17         Y Z 

Global Coordinate Displacements/Rotations

Node    X-Displ.    Y-Displ.    Z-Displ.     X-Rot.      Y-Rot.      Z-Rot.

   1   0.000E+00   0.000E+00   0.000E+00   0.000E+00   0.000E+00   0.000E+00

   2   0.000E+00   0.000E+00  -3.149E-06   0.000E+00   9.519E-06   0.000E+00

   3   0.000E+00   0.000E+00  -4.714E-06   0.000E+00   1.053E-05   0.000E+00

   4   0.000E+00   0.000E+00  -4.606E-05   0.000E+00  -2.913E-06   0.000E+00

   5   0.000E+00   0.000E+00  -4.547E-05   0.000E+00  -4.563E-06   0.000E+00

   6   0.000E+00   0.000E+00  -3.547E-05   0.000E+00  -1.659E-05   0.000E+00

   7   0.000E+00   0.000E+00   2.840E-05   0.000E+00   1.576E-05   0.000E+00

   8   0.000E+00   0.000E+00   2.727E-05   0.000E+00   1.992E-05   0.000E+00

   9   0.000E+00   0.000E+00   0.000E+00   0.000E+00   6.650E-05   0.000E+00

  10   0.000E+00   0.000E+00  -5.708E-05   0.000E+00   1.142E-04   0.000E+00

  11   0.000E+00   0.000E+00  -3.459E-04   0.000E+00   1.610E-04   0.000E+00

  12   0.000E+00   0.000E+00  -6.545E-04   0.000E+00   1.236E-04   0.000E+00

  13   0.000E+00   0.000E+00  -7.046E-04   0.000E+00   1.045E-04   0.000E+00

  14   0.000E+00   0.000E+00  -6.408E-04   0.000E+00  -1.378E-04   0.000E+00

  15   0.000E+00   0.000E+00  -5.671E-04   0.000E+00  -1.965E-04   0.000E+00

  16   0.000E+00   0.000E+00  -5.001E-04   0.000E+00  -2.307E-04   0.000E+00

  17   0.000E+00   0.000E+00   0.000E+00   0.000E+00  -3.848E-04   0.000E+00

Global Reactions

Node    X-React.    Y-React.    Z-React.    RX-React.   RY-React.   RZ-React.

   1   0.000E+00   0.000E+00   3.879E+02   0.000E+00  -8.129E+02   0.000E+00

   9   0.000E+00   0.000E+00   1.099E+04   0.000E+00   0.000E+00   0.000E+00

  17   0.000E+00   0.000E+00   4.564E+03   0.000E+00   0.000E+00   0.000E+00

Local Element Stresses

Bending, Torsional, and Average Shear Stress

Element   1  Nodes   1     2  Length  6.250E-01

Axial      Shear-Y     Shear-Z     Torsion     Moment-Y    Moment-Z

 0.000E+00   0.000E+00   8.850E+01   0.000E+00   6.131E+02   0.000E+00

 0.000E+00   0.000E+00   8.850E+01   0.000E+00   4.302E+02   0.000E+00

Element   2  Nodes   2     3  Length  1.560E-01

Axial      Shear-Y     Shear-Z     Torsion     Moment-Y    Moment-Z

 0.000E+00   0.000E+00   6.530E+01   0.000E+00   2.727E+02   0.000E+00

 0.000E+00   0.000E+00   6.530E+01   0.000E+00   2.438E+02   0.000E+00

Element   3  Nodes   3     4  Length  4.468E+00

Axial      Shear-Y     Shear-Z     Torsion     Moment-Y    Moment-Z

 0.000E+00   0.000E+00   5.479E+01   0.000E+00   1.873E+02   0.000E+00

 0.000E+00   0.000E+00   5.479E+01   0.000E+00  -4.492E+02   0.000E+00

Element   4  Nodes   4     5  Length  1.560E-01

Axial      Shear-Y     Shear-Z     Torsion     Moment-Y    Moment-Z

 0.000E+00   0.000E+00   5.479E+01   0.000E+00  -4.492E+02   0.000E+00

 0.000E+00   0.000E+00   5.479E+01   0.000E+00  -4.714E+02   0.000E+00

Element   5  Nodes   5     6  Length  9.690E-01

Axial      Shear-Y     Shear-Z     Torsion     Moment-Y    Moment-Z

 0.000E+00   0.000E+00   5.479E+01   0.000E+00  -4.714E+02   0.000E+00

 0.000E+00   0.000E+00   5.479E+01   0.000E+00  -6.095E+02   0.000E+00

Element   6  Nodes   6     7  Length  3.094E+00

Axial      Shear-Y     Shear-Z     Torsion     Moment-Y    Moment-Z

 0.000E+00   0.000E+00   5.479E+01   0.000E+00  -6.095E+02   0.000E+00

 0.000E+00   0.000E+00  -9.036E+02   0.000E+00   2.805E+03   0.000E+00

Element   7  Nodes   7     8  Length  6.300E-02

Axial      Shear-Y     Shear-Z     Torsion     Moment-Y    Moment-Z

 0.000E+00   0.000E+00  -9.036E+02   0.000E+00   2.805E+03   0.000E+00

 0.000E+00   0.000E+00  -9.231E+02   0.000E+00   2.954E+03   0.000E+00

Element   8  Nodes   8     9  Length  6.560E-01

Axial      Shear-Y     Shear-Z     Torsion     Moment-Y    Moment-Z

 0.000E+00   0.000E+00  -8.388E+02   0.000E+00   2.561E+03   0.000E+00

 0.000E+00   0.000E+00  -8.388E+02   0.000E+00   3.925E+03   0.000E+00

Element   9  Nodes   9    10  Length  6.250E-01

Axial      Shear-Y     Shear-Z     Torsion     Moment-Y    Moment-Z

 0.000E+00   0.000E+00   5.713E+02   0.000E+00   3.925E+03   0.000E+00

 0.000E+00   0.000E+00   5.713E+02   0.000E+00   3.040E+03   0.000E+00

Element  10  Nodes  10    11  Length  2.000E+00

Axial      Shear-Y     Shear-Z     Torsion     Moment-Y    Moment-Z

 0.000E+00   0.000E+00   4.639E+02   0.000E+00   2.225E+03   0.000E+00

 0.000E+00   0.000E+00   4.639E+02   0.000E+00   1.508E+02   0.000E+00

Element  11  Nodes  11    12  Length  2.063E+00

Axial      Shear-Y     Shear-Z     Torsion     Moment-Y    Moment-Z

 0.000E+00   0.000E+00   4.639E+02   0.000E+00   1.508E+02   0.000E+00

 0.000E+00   0.000E+00   4.639E+02   0.000E+00  -1.988E+03   0.000E+00

Element  12  Nodes  12    13  Length  4.380E-01

Axial      Shear-Y     Shear-Z     Torsion     Moment-Y    Moment-Z

 0.000E+00   0.000E+00   4.639E+02   0.000E+00  -1.988E+03   0.000E+00

 0.000E+00   0.000E+00   4.639E+02   0.000E+00  -2.443E+03   0.000E+00

Element  13  Nodes  13    14  Length  3.750E+00

Axial      Shear-Y     Shear-Z     Torsion     Moment-Y    Moment-Z

 0.000E+00   0.000E+00   4.789E+02   0.000E+00  -2.561E+03   0.000E+00

 0.000E+00   0.000E+00  -4.911E+02   0.000E+00  -2.509E+03   0.000E+00

Element  14  Nodes  14    15  Length  4.380E-01

Axial      Shear-Y     Shear-Z     Torsion     Moment-Y    Moment-Z

 0.000E+00   0.000E+00  -8.433E+02   0.000E+00  -5.649E+03   0.000E+00

 0.000E+00   0.000E+00  -8.433E+02   0.000E+00  -4.550E+03   0.000E+00

Element  15  Nodes  15    16  Length  3.130E-01

Axial      Shear-Y     Shear-Z     Torsion     Moment-Y    Moment-Z

 0.000E+00   0.000E+00  -8.433E+02   0.000E+00  -4.550E+03   0.000E+00

 0.000E+00   0.000E+00  -8.433E+02   0.000E+00  -3.764E+03   0.000E+00

Element  16  Nodes  16    17  Length  1.500E+00

Axial      Shear-Y     Shear-Z     Torsion     Moment-Y    Moment-Z

 0.000E+00   0.000E+00  -1.215E+03   0.000E+00  -6.512E+03   0.000E+00

 0.000E+00   0.000E+00  -1.215E+03   0.000E+00  -3.461E-12   0.000E+00

Figure 8.  FEM Output File for Design Load Case

AE-172 Main Hoist Pinion Shaft Misalignment Case

TOTAL NUMBER OF NODES                     17

TOTAL NUMBER OF ELEMENTS                  16

LARGEST DIFFERENCE BETWEEN 2 NODES         1

BANDWIDTH                                 12

TOTAL NUMBER OF CONSTRAINTS                          8

TOTAL NUMBER OF LOADS                                0

TOTAL NUMBER OF GLOBAL UNIFORM LOADED ELEMENTS       3

TOTAL NUMBER OF MOMENTS                              0

TOTAL NUMBER OF DISPLACED NODES                      1

ACCELERATION X       0.0000E+00 

ANGULAR VELOCITY X   0.0000E+00

ACCELERATION Y       0.0000E+00 

ANGULAR VELOCITY Y   0.0000E+00

ACCELERATION Z      -1.0000E+00 

ANGULAR VELOCITY Z   0.0000E+00

Element  Uniform X   Uniform Y   Uniform Z 

Fixed Node   Axes 

   6     0.000E+00   0.000E+00  -2.739E+01

   1         X Y Z RX RY RZ 

   7     0.000E+00   0.000E+00  -2.739E+01

   9         Y Z 

  13     0.000E+00   0.000E+00  -1.043E+01

Node   Displace/Rotate   Axis

  17      8.080E-03      Z

Global Coordinate Displacements/Rotations

Node    X-Displ.    Y-Displ.    Z-Displ.     X-Rot.      Y-Rot.      Z-Rot.

   1   0.000E+00   0.000E+00   0.000E+00   0.000E+00   0.000E+00   0.000E+00

   2   0.000E+00   0.000E+00  -2.787E-05   0.000E+00   8.568E-05   0.000E+00

   3   0.000E+00   0.000E+00  -4.201E-05   0.000E+00   9.554E-05   0.000E+00

   4   0.000E+00   0.000E+00  -5.918E-04   0.000E+00   8.227E-05   0.000E+00

   5   0.000E+00   0.000E+00  -6.040E-04   0.000E+00   7.441E-05   0.000E+00

   6   0.000E+00   0.000E+00  -6.486E-04   0.000E+00   1.444E-05   0.000E+00

   7   0.000E+00   0.000E+00  -2.495E-04   0.000E+00  -3.044E-04   0.000E+00

   8   0.000E+00   0.000E+00  -2.301E-04   0.000E+00  -3.129E-04   0.000E+00

   9   0.000E+00   0.000E+00   0.000E+00   0.000E+00  -3.897E-04   0.000E+00

  10   0.000E+00   0.000E+00   2.670E-04   0.000E+00  -4.640E-04   0.000E+00

  11   0.000E+00   0.000E+00   1.338E-03   0.000E+00  -6.021E-04   0.000E+00

  12   0.000E+00   0.000E+00   2.701E-03   0.000E+00  -7.147E-04   0.000E+00

  13   0.000E+00   0.000E+00   3.019E-03   0.000E+00  -7.347E-04   0.000E+00

  14   0.000E+00   0.000E+00   6.036E-03   0.000E+00  -8.562E-04   0.000E+00

  15   0.000E+00   0.000E+00   6.416E-03   0.000E+00  -8.769E-04   0.000E+00

  16   0.000E+00   0.000E+00   6.692E-03   0.000E+00  -8.890E-04   0.000E+00

  17   0.000E+00   0.000E+00   8.080E-03   0.000E+00  -9.435E-04   0.000E+00

Global Reactions

Node    X-React.    Y-React.    Z-React.    RX-React.   RY-React.   RZ-React.

   1   0.000E+00   0.000E+00   2.437E+03   0.000E+00  -6.987E+03   0.000E+00

   9   0.000E+00   0.000E+00  -3.879E+03   0.000E+00   0.000E+00   0.000E+00

Local Element Stresses

Bending, Torsional, and Average Shear Stress

Element   1  Nodes   1     2  Length  6.250E-01

Axial      Shear-Y     Shear-Z     Torsion     Moment-Y    Moment-Z

 0.000E+00   0.000E+00   5.561E+02   0.000E+00   5.269E+03   0.000E+00

 0.000E+00   0.000E+00   5.559E+02   0.000E+00   4.121E+03   0.000E+00

Element   2  Nodes   2     3  Length  1.560E-01

Axial      Shear-Y     Shear-Z     Torsion     Moment-Y    Moment-Z

 0.000E+00   0.000E+00   4.102E+02   0.000E+00   2.612E+03   0.000E+00

 0.000E+00   0.000E+00   4.101E+02   0.000E+00   2.431E+03   0.000E+00

Element   3  Nodes   3     4  Length  4.468E+00

Axial      Shear-Y     Shear-Z     Torsion     Moment-Y    Moment-Z

 0.000E+00   0.000E+00   3.441E+02   0.000E+00   1.867E+03   0.000E+00

 0.000E+00   0.000E+00   3.428E+02   0.000E+00  -2.123E+03   0.000E+00

Element   4  Nodes   4     5  Length  1.560E-01

Axial      Shear-Y     Shear-Z     Torsion     Moment-Y    Moment-Z

 0.000E+00   0.000E+00   3.428E+02   0.000E+00  -2.123E+03   0.000E+00

 0.000E+00   0.000E+00   3.428E+02   0.000E+00  -2.262E+03   0.000E+00

Element   5  Nodes   5     6  Length  9.690E-01

Axial      Shear-Y     Shear-Z     Torsion     Moment-Y    Moment-Z

 0.000E+00   0.000E+00   3.428E+02   0.000E+00  -2.262E+03   0.000E+00

 0.000E+00   0.000E+00   3.425E+02   0.000E+00  -3.126E+03   0.000E+00

Element   6  Nodes   6     7  Length  3.094E+00

Axial      Shear-Y     Shear-Z     Torsion     Moment-Y    Moment-Z

 0.000E+00   0.000E+00   3.425E+02   0.000E+00  -3.126E+03   0.000E+00

 0.000E+00   0.000E+00   3.297E+02   0.000E+00  -5.830E+03   0.000E+00

Element   7  Nodes   7     8  Length  6.300E-02

Axial      Shear-Y     Shear-Z     Torsion     Moment-Y    Moment-Z

 0.000E+00   0.000E+00   3.297E+02   0.000E+00  -5.830E+03   0.000E+00

 0.000E+00   0.000E+00   3.294E+02   0.000E+00  -5.884E+03   0.000E+00

Element   8  Nodes   8     9  Length  6.560E-01

Axial      Shear-Y     Shear-Z     Torsion     Moment-Y    Moment-Z

 0.000E+00   0.000E+00   2.994E+02   0.000E+00  -5.099E+03   0.000E+00

 0.000E+00   0.000E+00   2.992E+02   0.000E+00  -5.586E+03   0.000E+00

Element   9  Nodes   9    10  Length  6.250E-01

Axial      Shear-Y     Shear-Z     Torsion     Moment-Y    Moment-Z

 0.000E+00   0.000E+00  -1.987E+02   0.000E+00  -5.586E+03   0.000E+00

 0.000E+00   0.000E+00  -1.989E+02   0.000E+00  -5.278E+03   0.000E+00

Element  10  Nodes  10    11  Length  2.000E+00

Axial      Shear-Y     Shear-Z     Torsion     Moment-Y    Moment-Z

 0.000E+00   0.000E+00  -1.615E+02   0.000E+00  -3.863E+03   0.000E+00

 0.000E+00   0.000E+00  -1.621E+02   0.000E+00  -3.140E+03   0.000E+00

Element  11  Nodes  11    12  Length  2.063E+00

Axial      Shear-Y     Shear-Z     Torsion     Moment-Y    Moment-Z

 0.000E+00   0.000E+00  -1.621E+02   0.000E+00  -3.140E+03   0.000E+00

 0.000E+00   0.000E+00  -1.627E+02   0.000E+00  -2.391E+03   0.000E+00

Element  12  Nodes  12    13  Length  4.380E-01

Axial      Shear-Y     Shear-Z     Torsion     Moment-Y    Moment-Z

 0.000E+00   0.000E+00  -1.627E+02   0.000E+00  -2.391E+03   0.000E+00

 0.000E+00   0.000E+00  -1.628E+02   0.000E+00  -2.232E+03   0.000E+00

Element  13  Nodes  13    14  Length  3.750E+00

Axial      Shear-Y     Shear-Z     Torsion     Moment-Y    Moment-Z

 0.000E+00   0.000E+00  -1.681E+02   0.000E+00  -2.340E+03   0.000E+00

 0.000E+00   0.000E+00  -1.733E+02   0.000E+00  -8.865E+02   0.000E+00

Element  14  Nodes  14    15  Length  4.380E-01

Axial      Shear-Y     Shear-Z     Torsion     Moment-Y    Moment-Z

 0.000E+00   0.000E+00  -2.977E+02   0.000E+00  -1.996E+03   0.000E+00

 0.000E+00   0.000E+00  -2.978E+02   0.000E+00  -1.608E+03   0.000E+00

Element  15  Nodes  15    16  Length  3.130E-01

Axial      Shear-Y     Shear-Z     Torsion     Moment-Y    Moment-Z

 0.000E+00   0.000E+00  -2.978E+02   0.000E+00  -1.608E+03   0.000E+00

 0.000E+00   0.000E+00  -2.979E+02   0.000E+00  -1.330E+03   0.000E+00

Element  16  Nodes  16    17  Length  1.500E+00

Axial      Shear-Y     Shear-Z     Torsion     Moment-Y    Moment-Z

 0.000E+00   0.000E+00  -4.293E+02   0.000E+00  -2.301E+03   0.000E+00

 0.000E+00   0.000E+00  -4.297E+02   0.000E+00   5.709E-11   0.000E+00

Figure 9.  FEM Output File for Misalignment Load Case
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132,000

132,000

132,000

132,000

132,000

132,000

132,000

132,000

132,000

132,000

132,000

132,000

132,000

Shaft Diameter (d)

2.362

2.750

3.003

3.003

3.003

3.003

3.150

3.495

3.495

3.440

2.625

2.625

2.187

Young Modules (E)

2.9E+07

2.9E+07

2.9E+07

2.9E+07

2.9E+07

2.9E+07

2.9E+07

2.9E+07

2.9E+07

2.9E+07

2.9E+07

2.9E+07

2.9E+07

Moment of Inertia (I)

1.53

2.81

3.99

3.99

3.99

3.99

4.83

7.32

7.32

6.87

2.33

2.33

1.12

Corrected Endure Limit (Sf)

12,893

18,724

30,266

15,133

15,133

17,131

14,666

29,406

14,703

14,747

15,525

15,525

15,751

Ka   

0.790

0.790

0.790

0.790

0.790

0.790

0.790

0.790

0.790

0.790

0.790

0.790

0.790

Kb   

0.849

0.825

0.811

0.811

0.811

0.811

0.804

0.788

0.788

0.791

0.832

0.832

0.862

Kc   

0.753

0.753

0.753

0.753

0.753

0.753

0.753

0.753

0.753

0.753

0.753

0.753

0.753

Kd   

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

Ke   

0.950

0.950

0.950

0.950

0.950

0.950

0.950

0.950

0.950

0.950

0.950

0.950

0.950

Kf    

0.407

0.608

1.000

0.500

0.500

0.566

0.489

1.000

0.500

0.500

0.500

0.500

0.490

D

2.750

3.003

3.15

3.50

3.50

3.44

2.63

r

0.031

0.125

0.063

0.063

0.06

0.25

0.063

q

0.800

0.800

0.800

0.800

0.8

0.8

0.800

kt

2.82

1.80

N/A

N/A

N/A

1.96

2.31

N/A

N/A

1.62

1.70

N/A

2.30

Kg   

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

Sf uncorrected

66,000

66,000

66,000

66,000

66,000

66,000

66,000

66,000

66,000

66,000

66,000

66,000

66,000

Yield Strength (Sy)

92,400

92,400

92,400

92,400

92,400

92,400

92,400

92,400

92,400

92,400

92,400

92,400

92,400

Factor of Safety (FS)

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

Calculated Design loaded 

Stress

429.7

243.5

448.3

471.1

2,805.0

2,954.0

3,039.0

150.6

1,989.0

2,561.0

5,649.0

4,550.0

6,513.0

Calculated Design Loaded 

Moment (Md)

555.9

497.2

1,191.9

1,252.5

7,457.6

7,853.7

9,325.3

631.2

8,336.4

10,234.9

10,031.4

8,079.8

6,688.5

Maximum  Motor Torque (T)

39,789

39,789

39,789

39,789

39,789

39,789

39,789

39,789

39,789

Max Allowable Unloaded 

Strain (due to Ma+Mw+Mp)=

2.82E-04

4.22E-04

6.80E-04

3.24E-04

2.43E-04

2.83E-04

2.27E-04

6.65E-04

2.66E-04

2.47E-04

1.44E-04

1.82E-04

1.38E-04

microstrain=

281.58

422.03

680.31

323.85

243.37

283.13

226.71

664.76

266.39

247.37

143.93

181.82

137.51

Measured Strain

108.7

Projected Stress

4,121.00

2,431.00

2,123.00

2,262.00

5,830.00

5,884.00

5,278.00

3,140.00

2,391.00

2,340.00

1,996.00

1,608.00

2,301.00

Projected Moment

5,331.41

4,963.44

5,644.38

6,013.93

15,500.10

15,643.67

16,195.75

13,160.46

10,021.23

9,351.71

3,544.45

2,855.45

2,363.00

Projected microStrains

142.10

83.83

73.21

78.00

201.03

202.90

182.00

108.28

82.45

80.69

68.83

55.45

79.34

Calculated Existing FS=

2.83

7.00

11.77

4.37

1.70

1.87

1.72

6.99

3.22

2.90

1.87

2.23

1.79


Figure 10.  Factor of Safety Spreadsheet
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Sheet1

		

		Node		1		2		3		4		5		6		7		8		9		10		11		12		13		14		15		16		17

		Inter-Nodal Dist.		0.000		0.625		0.156		4.468		0.156		0.969		3.094		0.063		0.656		0.625		2.000		2.063		0.438		3.750		0.438		0.313		1.500

		X-Dimension		0.00		0.63		0.78		5.25		5.41		6.37		9.47		9.53		10.19		10.81		12.81		14.87		15.31		19.06		19.50		19.81		21.31

		Node Diameter		2.362		2.362		2.750		3.003		3.003		3.003		3.003		3.003		3.150		3.150		3.495		3.495		3.440		2.625		2.625		2.187		2.187

		Element No.				1		2		3		4		5		6		7		8		9		10		11		12		13		14		15		16

		Element Diam.				2.362		2.750		3.003		3.003		3.003		3.003		3.003		3.150		3.150		3.495		3.495		3.495		3.440		2.625		2.625		2.187

		Geometry Code				236		275		300		300		300		300		300		315		315		350		350		350		344		262		262		218

		Material Code				1		1		1		1		1		1		1		1		1		1		1		1		1		1		1		1

		Area				4.382		5.940		7.080		7.080		7.080		7.080		7.080		7.791		7.791		9.594		9.594		9.594		9.294		5.412		5.412		3.757

		I (PI*d^4/64)				1.565		2.876		4.087		4.087		4.087		4.087		4.087		4.948		4.948		7.503		7.503		7.503		7.042		2.388		2.388		1.150

		J (2*I)				3.130		5.752		8.174		8.174		8.174		8.174		8.174		9.896		9.896		15.007		15.007		15.007		14.084		4.775		4.775		2.301

		Recovery (c)				1.181		1.375		1.501		1.501		1.501		1.501		1.501		1.575		1.575		1.748		1.748		1.748		1.720		1.313		1.313		1.094

				Material Code 1 = Alloy Steel, E=29,000,000 pis, Poisson Ratio .29, Density .283 lbs/in^3
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Shaft material is 4140HT, treated to 28-32 Rockwell C (270 Bhn minimum).  Minimum Tensile Strength based on Brinell hardness is 132 ksi.
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Dimensions outside the gearbox taken from Naval Facilities Engineering Command drawing 3321, Hoist Reducer.
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MAIN HOIST

		BC AE 172				MAIN HOIST								RAW DATA

				Pass #1				Pass #2				Pass #3

		Data Point		Gage #1		Gage #2		Gage #1		Gage #2		Gage #1		Gage #2

		12		0		1		-4		-2		-4		-6

		1		25		-26		16		-29		20		-30

		2		71		-73		72		-86		71		-80

		3		122		-121		130		-133		118		-126

		4		176		-170		177		-175		172		-173

		5		200		-188		203		-194		200		-196

		6		201		-185		205		-190		204		-194

		7		178		-161		176		-162		179		-167

		8		129		-116		132		-120		138		-125

		9		75		-66		83		-72		86		-76

		10		23		-21		36		-30		38		-31

		11		6		-5		4		-4		4		-5

		12										-7		-2

		Average										101.72		-98.25

												Gage #1		Gage #2

		BC AE 172				MAIN HOIST								ZEROED DATA

				Pass #1				Pass #2				Pass #3

		Data Point		Gage #1		Gage #2		Gage #1		Gage #2		Gage #1		Gage #2

		12		-101.72		99.25		-105.72		96.25		-105.72		92.25

		1		-76.72		72.25		-85.72		69.25		-81.72		68.25

		2		-30.72		25.25		-29.72		12.25		-30.72		18.25

		3		20.28		-22.75		28.28		-34.75		16.28		-27.75

		4		74.28		-71.75		75.28		-76.75		70.28		-74.75

		5		98.28		-89.75		101.28		-95.75		98.28		-97.75

		6		99.28		-86.75		103.28		-91.75		102.28		-95.75

		7		76.28		-62.75		74.28		-63.75		77.28		-68.75

		8		27.28		-17.75		30.28		-21.75		36.28		-26.75

		9		-26.72		32.25		-18.72		26.25		-15.72		22.25

		10		-78.72		77.25		-65.72		68.25		-63.72		67.25

		11		-95.72		93.25		-97.72		94.25		-97.72		93.25

		12										-108.72		96.25

		Minimum										-108.72		-97.75

		Maximum										103.28		99.25

												Gage #1		Gage #2

		Data Point		Gage #1		Gage #2		BC AE 172

		12		-101.7		99.3

		1		-76.7		72.3

		2		-30.7		25.3

		3		20.3		-22.8

		4		74.3		-71.8

		5		98.3		-89.8

		6		99.3		-86.8

		7		76.3		-62.8

		8		27.3		-17.8

		9		-26.7		32.3

		10		-78.7		77.3

		11		-95.7		93.3

		12		-105.7		96.3

		1		-85.7		69.3

		2		-29.7		12.3

		3		28.3		-34.8

		4		75.3		-76.8

		5		101.3		-95.8

		6		103.3		-91.8

		7		74.3		-63.8

		8		30.3		-21.8

		9		-18.7		26.3

		10		-65.7		68.3

		11		-97.7		94.3

		12		-105.7		92.3

		1		-81.7		68.3

		2		-30.7		18.3

		3		16.3		-27.8

		4		70.3		-74.8

		5		98.3		-97.8

		6		102.3		-95.8

		7		77.3		-68.8

		8		36.3		-26.8

		9		-15.7		22.3

		10		-63.7		67.3

		11		-97.7		93.3

		12		-108.7		96.3
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		BC AE 172				AUX HOIST, RAW DATA

				Pass #1				Pass #2				Pass #3

		Data Point		Gage #1		Gage #2		Gage #1		Gage #2		Gage #1		Gage #2

		12

		1

		2

		3

		4

		5

		6

		7

		8

		9

		10

		11

		12

		Average										0.00		0.00

												Gage #1		Gage #2

		BC AE 172				AUX HOIST, RAW DATA

				Pass #1				Pass #2				Pass #3

		Data Point		Gage #1		Gage #2		Gage #1		Gage #2		Gage #1		Gage #2

		12		0.00		0.00		0.00		0.00		0.00		0.00

		1		0.00		0.00		0.00		0.00		0.00		0.00

		2		0.00		0.00		0.00		0.00		0.00		0.00

		3		0.00		0.00		0.00		0.00		0.00		0.00

		4		0.00		0.00		0.00		0.00		0.00		0.00

		5		0.00		0.00		0.00		0.00		0.00		0.00

		6		0.00		0.00		0.00		0.00		0.00		0.00

		7		0.00		0.00		0.00		0.00		0.00		0.00

		8		0.00		0.00		0.00		0.00		0.00		0.00

		9		0.00		0.00		0.00		0.00		0.00		0.00

		10		0.00		0.00		0.00		0.00		0.00		0.00

		11		0.00		0.00		0.00		0.00		0.00		0.00

		12										0.00		0.00

		Minimum										0.00		0.00

		Maximum										0.00		0.00

												Gage #1		Gage #2

		Data Point		Gage #1		Gage #2		BC AE 172

		12		0.0		0.0

		1		0.0		0.0

		2		0.0		0.0

		3		0.0		0.0

		4		0.0		0.0

		5		0.0		0.0

		6		0.0		0.0

		7		0.0		0.0

		8		0.0		0.0

		9		0.0		0.0

		10		0.0		0.0

		11		0.0		0.0

		12		0.0		0.0

		1		0.0		0.0

		2		0.0		0.0

		3		0.0		0.0

		4		0.0		0.0

		5		0.0		0.0

		6		0.0		0.0

		7		0.0		0.0

		8		0.0		0.0

		9		0.0		0.0

		10		0.0		0.0

		11		0.0		0.0

		12		0.0		0.0

		1		0.0		0.0

		2		0.0		0.0

		3		0.0		0.0

		4		0.0		0.0

		5		0.0		0.0

		6		0.0		0.0

		7		0.0		0.0

		8		0.0		0.0

		9		0.0		0.0

		10		0.0		0.0

		11		0.0		0.0

		12		0.0		0.0





		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0



Data Point

Micro-Strain

AUX HOIST



		12		12

		1		1

		2		2

		3		3

		4		4

		5		5

		6		6

		7		7

		8		8

		9		9

		10		10

		11		11



Gage #1

Gage #2

Strain Readings 1st Revolution

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



		12		12

		1		1

		2		2

		3		3

		4		4

		5		5

		6		6

		7		7

		8		8

		9		9

		10		10

		11		11



Gage #1

Gage #2

Strain Readings 2nd Revolution

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



		12		12
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		BC AE 172				BOOM, RAW DATA

				Pass #1				Pass #2				Pass #3

		Data Point		Gage #1		Gage #2		Gage #1		Gage #2		Gage #1		Gage #2

		12

		1

		2

		3

		4

		5

		6

		7

		8

		9

		10

		11

		12

		Average										0.00		0.00

												Gage #1		Gage #2

				BC AE 172		BOOM, RAW DATA

				Pass #1				Pass #2				Pass #3

		Data Point		Gage #1		Gage #2		Gage #1		Gage #2		Gage #1		Gage #2

		12		0.00		0.00		0.00		0.00		0.00		0.00

		1		0.00		0.00		0.00		0.00		0.00		0.00

		2		0.00		0.00		0.00		0.00		0.00		0.00

		3		0.00		0.00		0.00		0.00		0.00		0.00

		4		0.00		0.00		0.00		0.00		0.00		0.00

		5		0.00		0.00		0.00		0.00		0.00		0.00

		6		0.00		0.00		0.00		0.00		0.00		0.00

		7		0.00		0.00		0.00		0.00		0.00		0.00

		8		0.00		0.00		0.00		0.00		0.00		0.00

		9		0.00		0.00		0.00		0.00		0.00		0.00

		10		0.00		0.00		0.00		0.00		0.00		0.00

		11		0.00		0.00		0.00		0.00		0.00		0.00

		12										0.00		0.00

		Minimum										0.00		0.00

		Maximum										0.00		0.00

												Gage #1		Gage #2

		Data Point		Gage #1		Gage #2		BC AE 172

		12		0.0		0.0

		1		0.0		0.0

		2		0.0		0.0

		3		0.0		0.0

		4		0.0		0.0

		5		0.0		0.0

		6		0.0		0.0

		7		0.0		0.0

		8		0.0		0.0

		9		0.0		0.0

		10		0.0		0.0

		11		0.0		0.0

		12		0.0		0.0

		1		0.0		0.0

		2		0.0		0.0

		3		0.0		0.0

		4		0.0		0.0

		5		0.0		0.0

		6		0.0		0.0

		7		0.0		0.0

		8		0.0		0.0

		9		0.0		0.0

		10		0.0		0.0

		11		0.0		0.0

		12		0.0		0.0

		1		0.0		0.0

		2		0.0		0.0

		3		0.0		0.0

		4		0.0		0.0

		5		0.0		0.0

		6		0.0		0.0

		7		0.0		0.0

		8		0.0		0.0

		9		0.0		0.0

		10		0.0		0.0

		11		0.0		0.0

		12		0.0		0.0
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		BC AE 172				Misc, Raw Data

				Pass #1				Pass #2				Pass #3

		Data Point		Gage #1		Gage #2		Gage #1		Gage #2		Gage #1		Gage #2

		12

		1

		2

		3

		4

		5

		6

		7

		8

		9

		10

		11

		12

		Average										0.00		0.00

												Gage #1		Gage #2

				BC AE 172		Misc, Raw Data

				Pass #1				Pass #2				Pass #3

		Data Point		Gage #1		Gage #2		Gage #1		Gage #2		Gage #1		Gage #2

		12		0.00		0.00		0.00		0.00		0.00		0.00

		1		0.00		0.00		0.00		0.00		0.00		0.00

		2		0.00		0.00		0.00		0.00		0.00		0.00

		3		0.00		0.00		0.00		0.00		0.00		0.00

		4		0.00		0.00		0.00		0.00		0.00		0.00

		5		0.00		0.00		0.00		0.00		0.00		0.00

		6		0.00		0.00		0.00		0.00		0.00		0.00

		7		0.00		0.00		0.00		0.00		0.00		0.00

		8		0.00		0.00		0.00		0.00		0.00		0.00

		9		0.00		0.00		0.00		0.00		0.00		0.00

		10		0.00		0.00		0.00		0.00		0.00		0.00

		11		0.00		0.00		0.00		0.00		0.00		0.00

		12										0.00		0.00

		Minimum										0.00		0.00

		Maximum										0.00		0.00

												Gage #1		Gage #2

		Data Point		Gage #1		Gage #2		BC AE 172

		12		0.0		0.0

		1		0.0		0.0

		2		0.0		0.0

		3		0.0		0.0

		4		0.0		0.0

		5		0.0		0.0

		6		0.0		0.0

		7		0.0		0.0

		8		0.0		0.0

		9		0.0		0.0

		10		0.0		0.0

		11		0.0		0.0

		12		0.0		0.0

		1		0.0		0.0

		2		0.0		0.0

		3		0.0		0.0

		4		0.0		0.0

		5		0.0		0.0

		6		0.0		0.0

		7		0.0		0.0

		8		0.0		0.0

		9		0.0		0.0

		10		0.0		0.0

		11		0.0		0.0

		12		0.0		0.0

		1		0.0		0.0

		2		0.0		0.0

		3		0.0		0.0

		4		0.0		0.0

		5		0.0		0.0

		6		0.0		0.0

		7		0.0		0.0

		8		0.0		0.0

		9		0.0		0.0

		10		0.0		0.0

		11		0.0		0.0

		12		0.0		0.0
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_1009281033.xls
Fatigue Calculations

		Shaft Fatigue Analysis for:						BC AE-172 Main Hoist Pinion Shaft - Analysis Performed for PWC Philadelphia

		Region/Node		2		3		4		5		7		8		10		11		12		13		14		15		16

		UTS		132,000		132,000		132,000		132,000		132,000		132,000		132,000		132,000		132,000		132,000		132,000		132,000		132,000

		Shaft Diameter (d)		2.362		2.750		3.003		3.003		3.003		3.003		3.150		3.495		3.495		3.440		2.625		2.625		2.187

		Young Modules (E)		2.9E+07		2.9E+07		2.9E+07		2.9E+07		2.9E+07		2.9E+07		2.9E+07		2.9E+07		2.9E+07		2.9E+07		2.9E+07		2.9E+07		2.9E+07

		Moment of Inertia (I)		1.53		2.81		3.99		3.99		3.99		3.99		4.83		7.32		7.32		6.87		2.33		2.33		1.12

		Corrected Endure Limit (Sf)		12,893		18,724		30,266		15,133		15,133		17,131		14,666		29,406		14,703		14,747		15,525		15,525		15,751

		Ka		0.790		0.790		0.790		0.790		0.790		0.790		0.790		0.790		0.790		0.790		0.790		0.790		0.790

		Kb		0.849		0.825		0.811		0.811		0.811		0.811		0.804		0.788		0.788		0.791		0.832		0.832		0.862

		Kc		0.753		0.753		0.753		0.753		0.753		0.753		0.753		0.753		0.753		0.753		0.753		0.753		0.753

		Kd		1.000		1.000		1.000		1.000		1.000		1.000		1.000		1.000		1.000		1.000		1.000		1.000		1.000

		Ke		0.950		0.950		0.950		0.950		0.950		0.950		0.950		0.950		0.950		0.950		0.950		0.950		0.950

		Kf		0.407		0.608		1.000		0.500		0.500		0.566		0.489		1.000		0.500		0.500		0.500		0.500		0.490

		D		2.750		3.003								3.15		3.50						3.50		3.44				2.63

		r		0.031		0.125								0.063		0.063						0.06		0.25				0.063

		q		0.800		0.800								0.800		0.800						0.8		0.8				0.800

		kt		2.82		1.80		N/A		N/A		N/A		1.96		2.31		N/A		N/A		1.62		1.70		N/A		2.30

		Kg		1.000		1.000		1.000		1.000		1.000		1.000		1.000		1.000		1.000		1.000		1.000		1.000		1.000

		Sf uncorrected		66,000		66,000		66,000		66,000		66,000		66,000		66,000		66,000		66,000		66,000		66,000		66,000		66,000

		Yield Strength (Sy)		92,400		92,400		92,400		92,400		92,400		92,400		92,400		92,400		92,400		92,400		92,400		92,400		92,400

		Factor of Safety (FS)		1.5		1.5		1.5		1.5		1.5		1.5		1.5		1.5		1.5		1.5		1.5		1.5		1.5

		Calculated Design loaded Stress		429.7		243.5		448.3		471.1		2,805.0		2,954.0		3,039.0		150.6		1,989.0		2,561.0		5,649.0		4,550.0		6,513.0

		Calculated Design Loaded Moment (Md)		555.9		497.2		1,191.9		1,252.5		7,457.6		7,853.7		9,325.3		631.2		8,336.4		10,234.9		10,031.4		8,079.8		6,688.5

		Maximum  Motor Torque (T)								39,789		39,789		39,789		39,789		39,789		39,789		39,789		39,789		39,789

		Max Allowable Unloaded Strain (due to Ma+Mw+Mp)=		2.82E-04		4.22E-04		6.80E-04		3.24E-04		2.43E-04		2.83E-04		2.27E-04		6.65E-04		2.66E-04		2.47E-04		1.44E-04		1.82E-04		1.38E-04

		microstrain=		281.58		422.03		680.31		323.85		243.37		283.13		226.71		664.76		266.39		247.37		143.93		181.82		137.51

		Measured Strain																108.7

		Projected Stress		4,121.00		2,431.00		2,123.00		2,262.00		5,830.00		5,884.00		5,278.00		3,140.00		2,391.00		2,340.00		1,996.00		1,608.00		2,301.00

		Projected Moment		5,331.41		4,963.44		5,644.38		6,013.93		15,500.10		15,643.67		16,195.75		13,160.46		10,021.23		9,351.71		3,544.45		2,855.45		2,363.00

		Projected microStrains		142.10		83.83		73.21		78.00		201.03		202.90		182.00		108.28		82.45		80.69		68.83		55.45		79.34

		Calculated Existing FS=		2.83		7.00		11.77		4.37		1.70		1.87		1.72		6.99		3.22		2.90		1.87		2.23		1.79
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Stress Concentration Factor

		Node		0		2		3		4		5		6		7		8		9		10		11		12		13		14		15		16		17		18

		D		0.000		2.750		3.003		0.000		0.000		0.000		0.000		3.150		0.000		3.500		0.000		0.000		3.500		3.440		0.000		2.630		0.000		0.000

		d		0.000		2.362		2.750		3.003		3.003		0.000		3.003		3.003		0.000		3.150		3.495		3.495		3.440		2.625		2.625		2.187		0.000		0.000

		r		0.000		0.031		0.125		0.000		0.000		0.000		0.000		0.063		0.000		0.063		0.000		0.000		0.060		0.250		0.000		0.063		0.000		0.000

		q		0.000		0.800		0.800		0.000		0.000		0.000		0.000		0.800		0.000		0.800		0.000		0.000		0.800		0.800		0.000		0.800		0.000		0.000

		h		0.000		0.194		0.127		-1.502		-1.502		0.000		-1.502		0.073		0.000		0.175		-1.748		-1.748		0.030		0.408		-1.313		0.222		0.000		0.000

		h/r		0.000		6.258		1.012		0.000		0.000		0.000		0.000		1.167		0.000		2.778		0.000		0.000		0.500		1.630		0.000		3.516		0.000		0.000

		2h/D		0.000		0.141		0.084		0.000		0.000		0.000		0.000		0.047		0.000		0.100		0.000		0.000		0.017		0.237		0.000		0.168		0.000		0.000

		k1		0.000		3.241		1.996		0.000		0.000		0.000		0.000		2.068		0.000		2.582		0.000		0.000		1.696		2.254		0.000		2.748		0.000		0.000

		k2		0.000		-3.002		-2.439		0.000		0.000		0.000		0.000		-2.552		0.000		-2.907		0.000		0.000		-1.887		-2.810		0.000		-2.897		0.000		0.000

		k3		0.000		0.676		2.061		0.000		0.000		0.000		0.000		2.110		0.000		1.712		0.000		0.000		1.807		2.213		0.000		1.341		0.000		0.000

		k4		0.000		0.087		-0.619		0.000		0.000		0.000		0.000		-0.627		0.000		-0.385		0.000		0.000		-0.618		-0.659		0.000		-0.189		0.000		0.000

		kt		0.000		2.831		1.805		0.000		0.000		0.000		0.000		1.953		0.000		2.308		0.000		0.000		1.665		1.704		0.000		2.297		0.000		0.000

		Note :  These equations are all based on Roarkes Formulas for Stress and strain, page 739, 6th edition

		These equations are only valid if h/r is between 0.25 and 20.  Row 7 is conditionally formatted to flag for this condition






_1009020945.unknown

_1008994746.unknown

_1008744820.unknown

_1008746142.unknown

_1008591324.unknown

_1008502719.unknown

