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Discussion:
Dave Butler brought the shaft from a blower built into the Melco Autoclave in lab 3.  This blower shaft has experienced multiple bearing failures.  Name plate for the blower is:
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Problems experienced include:

1. Short bearing life for the bearings used to support this shaft 
2. Short bearing life for the thrust bearing 

3. Corrosion problems for the housing and shaft in the area where domestic water is used to cool the shaft.

Dave Butler has had some of the original shaft support housings re-made in stainless steel to reduce the corrosion problems.  In addition, the water is drained from this are between each use of the autoclave.

Dave reported that the thrust bearing, located at the small portion of the shaft near the drive motor, has failed.  This is unexpected since the autoclave only operates at no more than 85 psig, which is a fraction of its 160 psig nameplate value and the thrust load on this bearing is proportional to the internal pressure.

Dave indicated that tools or small parts left on the NEMA box mounted to the autoclave vibrate and move when the blower is in operations.

Dave has reported that the autoclave manufacture does not use this same fan design any longer.  Cost to retrofit our unit is estimated to be $25,000.

So, to propose a less expensive fix to the unit, the first task is to evaluate the original design of the shaft and blower by calculating its natural frequency.

Then compare the natural frequency to the operating speed.

Use the calculations to evaluate changes to the shaft, blower, or housings that will increase the stiffness of the assembly by raising the natural frequency with respect to the operating speed.

See the following sketches of the shaft, formulas used in the calculations.
Mb is the mass of the blower wheel

M1 is the mass of the shaft between the two bearings.

M2 is the mass of the short section of shaft where the motor coupling mounts.

M3 is the mass of the long cantilevered shaft.

BRG1 and BRG2 are the bearings.

A sketch of the shaft is:


[image: image3.emf]
The model of the Shaft Used in the calculations is:

[image: image4.emf]
Calculations:
A spread sheet was created to calculation the natural frequency of the shaft and blower assembly based on the dimensions of the shaft and the measured weight of the blower using the Rayleigh’s method available in many machine design textbooks.


[image: image5.emf]Gravity 9.806m/s2 9.806m/s2

Shaft Material Steel

Material Density 490pcf 7.86E+03kg/m3 7.86E+03kg/m3

Youngs Modulus 29,000,000          psi 2.04E+11Pa 2.04E+11Pa

Shaft Length, Overall 21.05inches 0.53467m 0.53467m

Shaft Length, Section A 19.057inches 0.4840478m 0.4840478m

Shaft Length, Section B 1.993inches 0.0506222m 0.0506222m

Shaft Diameter, Section A 1.248inches 0.0316992m 0.04445m

Shaft Diameter, Section B 0.748inches 0.0189992m 0.0189992m

Shaft Moment of Inertia, Section A 0.12in^4 4.956E-08m^4 1.91627E-07m^4

Shaft Moment of Inertia, Section B 0.02in^4 6.396E-09m^4 6.39604E-09m^4

Shaft Volume, Section A 23.31in^3 0.000382m^3 0.000751141m^3

Shaft Volume, Section B 0.88in^3 1.435E-05m^3 1.43516E-05m^3

Shaft Mass, Section A 6.61pounds 3.00E+00kg 5.90E+00kg

Shaft Mass, Section B 0.25pounds 1.13E-01kg 1.13E-01kg

Sum of Mass for Sections A + B 6.8587pounds 3.1154kg 6.0168kg

Width of Bearings 0.5in 0.0127m 0.0127m

Distance Between Bearings  5.5in 0.1397m 0.1397m

Distance From BRG 2 to start of section B 1.25in 0.03175m 0.03175m

Distance From BRG 2 to cg of section B 2.2465in 0.0570611m 0.0570611m

Distance from end of shaft to cg to wheel 1.965in 0.049911m 0.049911m

Distance from BRG 1 to Wheel 10.342in 0.2626868m 0.2626868m

Distance from BRG 1 to cg of center shaft 2.75in 0.06985m 0.06985m

Length of cantilever shaft 12.307in 0.3125978m 0.3125978m

Distance from BRG 1 to cg of cantilever shaft 6.1535in 0.1562989m 0.1562989m

Mass 1 = mass of center shaft 1.9078pounds 0.8666kg 0.8666kg

Mass 2 = mass of small cantilever shaft 0.6819pounds 0.3098kg 0.5001kg

Mass 3 = mass of long cantilever shaft 4.2690pounds 1.9391kg 1.9391kg

Sum of masses 1, 2, and 3 6.8587pounds 3.1154kg 3.3057kg

Mass B = mass of the Blower Wheel 11pounds 5kg 2.5kg

Assume ball bearings act as simple supports

critical speed, 

w

 = 9.87*sqrt(E*I/M*L^3)

Load due to Mass 1 8.5N 8.5N

Load due to Mass 2 3.0N 4.9N

Load due to Mass 3 19.0N 19.0N

Load due to Mass B 49.0N 24.5N

Distance "l" for Mass 1 0.140m 0.140m

Distance "a" for Mass 2 0.057m 0.057m

Distance "a" for Mass 3 0.156m 0.156m

Distance "a" for Mass B 0.263m 0.263m

Value of (48*E*I) for Mass 1 4.85E+05Pa-m^4 4.85E+05Pa-m^4

Value of (3*E*I) for Mass 2 3.91E+03Pa-m^4 3.91E+03Pa-m^4

Value of (3*E*I) for Mass 3 3.03E+04Pa-m^4 3.03E+04Pa-m^4

Value of (3*E*I) for Mass B 3.03E+04Pa-m^4 3.03E+04Pa-m^4

Deflection due to center Mass 1 4.77E-08m 4.77E-08m

Deflection due to overhung Mass 2 4.97E-07m 8.03E-07m

Deflection due to overhung Mass 3 4.53E-06m 4.53E-06m

Deflection due to overhung Mass B 4.49E-05m 2.24E-05m

(Deflection due to center Mass 1)^2 2.28E-15m2 2.28E-15m2

(Deflection due to center Mass 2)^2 2.47E-13m2 6.44E-13m2

(Deflection due to center Mass 3)^2 2.05E-11m2 2.05E-11m2

(Deflection due to center Mass B)^2 2.01E-09m2 5.04E-10m2

Mass 1 * (Deflection due to center Mass 1)^2 1.97E-15Kg-m2 1.97E-15Kg-m2

Mass 2 * (Deflection due to center Mass 2)^2 7.65E-14Kg-m2 3.22E-13Kg-m2

Mass 3 * (Deflection due to center Mass 3)^2 3.98E-11Kg-m2 3.98E-11Kg-m2

Mass B * (Deflection due to center Mass B)^2 1.01E-08Kg-m2 1.26E-09Kg-m2

Sum of M * y^2 1.01E-08Kg-m2 1.30E-09Kg-m2

Mass 1 * (Deflection due to center Mass 1) 4.14E-08kg-m 4.14E-08kg-m

Mass 2 * (Deflection due to center Mass 2) 1.54E-07kg-m 4.01E-07kg-m

Mass 3 * (Deflection due to center Mass 3) 8.79E-06kg-m 8.79E-06kg-m

Mass B * (Deflection due to center Mass B) 2.24E-04kg-m 5.61E-05kg-m

Sum of M * y 2.33E-04kg-m 6.53E-05kg-m

w

 ^2 = g * sum (My)/Sum(My^2) 2.26E+05rad^/sec^2 4.93E+05rad^/sec^2

w

 = sqrt (

w2)

475.7rad/sec 702.2rad/sec

rotational speed  4,543            rpm 6,706                     rpm


Conclusions:  

The natural frequency of the shaft and blower as is was found to be about 4500 rpm.

Increasing the diameter of the shaft to 1.75 inches (about the largest shaft that could fit in the autoclave port resulted in a negligible change to the natural frequency.

Reducing the blower mass by a factor of two increased the natural frequency of the assembly to 6700 rpm.

The rule of thumb is that the operating speed should be at least 25 % away from the natural frequency.  This criterion is met with the original design.  
Therefore, the other possible reasons for the short bearing life are:

1. Imbalance of the blower.

2. Angular misalignment of the bearing housings with respect to the shaft axis of rotation.

3. Radial misalignment of the bearing housings with respect to each other.
Recommendations:
For the vibration:

1. Obtain a vibration monitor (McMaster Carr part number 71455K56 or Omega HHVB82) and measure the vibration of the existing parts under operation.
2. Statically balance the shaft and blower wheel combination on a bench using the shaft bearings resting in V-blocks.  Place balancing weights on the blower back flange until there is no heavier side. 

3. Re-assemble blower into the autoclave, operate, and re-measure the vibration level.

4. If necessary, have the shaft and blower wheel assembly dynamically balanced.  

Note this is an overhung configuration; therefore, a static balance may be sufficient to solve the problem.
But, vibration may not only be a result of imbalance, it may be a result of poor alignment of the shaft centerline to the bearing outer race fit in the housing.  For instance, if the bearings are mounted like this:


[image: image6.emf]
Because the bearing housings were replaced, it is possible that he angle Theta (() shown in the sketch is not equal to 0.0000.  If this were the case, then the housing would be considered misaligned to the shaft.
The bearings shown as part of the assembly are labeled R20 and have seals on both sides.  FAG is one manufacture and the part number is R20-2RS.  This is a single row, radial bearing designed to take radial loads and some thrust loads, but with very little tolerance to angular misalignment.  One text book reports plus or minus 0 degrees, 15 minutes as the maximum angular misalignment.

This angular misalignment alone may be the source of the short bearing life.  

So, to evaluate this source of problems, have the individual sections that make up the bearing housing and cooling chamber measured to quantify the perpendicularity between the faces that bolt together and the inside surfaces that the bearings outer races mount to.

Lastly, because the individual sections are assembled using flanges that bolt together with clearance holes, there is a possibility of radial misalignment of the bearing outer races as shown on the bottom of the Bearing Problem sketch.  Sections that hold the radial bearings should be clocked and pinned such that the radial misalignment is minimized.

The radial misalignment alone may be the source of the short bearing life.

On the cooling system, consider using a closed loop lube oil system for cooling the shaft.  Use ordinary light weight motor oil for the coolant medium, a lube oil pump to circulate it, and an oil-to-air heat exchanger (radiator) to cool the oil.  This would allow the elimination of one shaft seal (the remaining shaft seal is the one on the autoclave side) and the corrosion potential that water creates.







Sheet1

		Gravity						9.806		m/s2		9.806		m/s2

		Shaft Material		Steel

		Material Density		490		pcf		7.86E+03		kg/m3		7.86E+03		kg/m3

		Youngs Modulus		29,000,000		psi		2.04E+11		Pa		2.04E+11		Pa

		Shaft Length, Overall		21.05		inches		0.53467		m		0.53467		m

		Shaft Length, Section A		19.057		inches		0.4840478		m		0.4840478		m

		Shaft Length, Section B		1.993		inches		0.0506222		m		0.0506222		m

		Shaft Diameter, Section A		1.248		inches		0.0316992		m		0.04445		m

		Shaft Diameter, Section B		0.748		inches		0.0189992		m		0.0189992		m

		Shaft Moment of Inertia, Section A		0.12		in^4		0.0000000496		m^4		0.0000001916		m^4

		Shaft Moment of Inertia, Section B		0.02		in^4		0.0000000064		m^4		0.0000000064		m^4





		Shaft Volume, Section A		23.31		in^3		0.00038201		m^3		0.0007511413		m^3

		Shaft Volume, Section B		0.88		in^3		0.0000143516		m^3		0.0000143516		m^3

		Shaft Mass, Section A		6.61		pounds		3.00E+00		kg		5.90E+00		kg

		Shaft Mass, Section B		0.25		pounds		1.13E-01		kg		1.13E-01		kg

		Sum of Mass for Sections A + B		6.8587		pounds		3.1154		kg		6.0168		kg

		Width of Bearings		0.5		in		0.0127		m		0.0127		m

		Distance Between Bearings 		5.5		in		0.1397		m		0.1397		m

		Distance From BRG 2 to start of section B		1.25		in		0.03175		m		0.03175		m

		Distance From BRG 2 to cg of section B		2.2465		in		0.0570611		m		0.0570611		m

		Distance from end of shaft to cg to wheel		1.965		in		0.049911		m		0.049911		m

		Distance from BRG 1 to Wheel		10.342		in		0.2626868		m		0.2626868		m

		Distance from BRG 1 to cg of center shaft		2.75		in		0.06985		m		0.06985		m

		Length of cantilever shaft		12.307		in		0.3125978		m		0.3125978		m

		Distance from BRG 1 to cg of cantilever shaft		6.1535		in		0.1562989		m		0.1562989		m

		Mass 1 = mass of center shaft		1.9078		pounds		0.8666		kg		0.8666		kg

		Mass 2 = mass of small cantilever shaft		0.6819		pounds		0.3098		kg		0.5001		kg

		Mass 3 = mass of long cantilever shaft		4.2690		pounds		1.9391		kg		1.9391		kg

		Sum of masses 1, 2, and 3		6.8587		pounds		3.1154		kg		3.3057		kg

		Mass B = mass of the Blower Wheel		11		pounds		5		kg		2.5		kg

		Assume ball bearings act as simple supports

		critical speed, w = 9.87*sqrt(E*I/M*L^3)

		Load due to Mass 1						8.5		N		8.5		N

		Load due to Mass 2						3.0		N		4.9		N

		Load due to Mass 3						19.0		N		19.0		N

		Load due to Mass B						49.0		N		24.5		N

		Distance "l" for Mass 1						0.140		m		0.140		m

		Distance "a" for Mass 2						0.057		m		0.057		m

		Distance "a" for Mass 3						0.156		m		0.156		m

		Distance "a" for Mass B						0.263		m		0.263		m

		Value of (48*E*I) for Mass 1						4.85E+05		Pa-m^4		4.85E+05		Pa-m^4

		Value of (3*E*I) for Mass 2						3.91E+03		Pa-m^4		3.91E+03		Pa-m^4

		Value of (3*E*I) for Mass 3						3.03E+04		Pa-m^4		3.03E+04		Pa-m^4

		Value of (3*E*I) for Mass B						3.03E+04		Pa-m^4		3.03E+04		Pa-m^4

		Deflection due to center Mass 1						4.77E-08		m		4.77E-08		m

		Deflection due to overhung Mass 2						4.97E-07		m		8.03E-07		m

		Deflection due to overhung Mass 3						4.53E-06		m		4.53E-06		m

		Deflection due to overhung Mass B						4.49E-05		m		2.24E-05		m

		(Deflection due to center Mass 1)^2						2.28E-15		m2		2.28E-15		m2

		(Deflection due to center Mass 2)^2						2.47E-13		m2		6.44E-13		m2

		(Deflection due to center Mass 3)^2						2.05E-11		m2		2.05E-11		m2

		(Deflection due to center Mass B)^2						2.01E-09		m2		5.04E-10		m2

		Mass 1 * (Deflection due to center Mass 1)^2						1.97E-15		Kg-m2		1.97E-15		Kg-m2

		Mass 2 * (Deflection due to center Mass 2)^2						7.65E-14		Kg-m2		3.22E-13		Kg-m2

		Mass 3 * (Deflection due to center Mass 3)^2						3.98E-11		Kg-m2		3.98E-11		Kg-m2

		Mass B * (Deflection due to center Mass B)^2						1.01E-08		Kg-m2		1.26E-09		Kg-m2

		Sum of M * y^2						1.01E-08		Kg-m2		1.30E-09		Kg-m2

		Mass 1 * (Deflection due to center Mass 1)						4.14E-08		kg-m		4.14E-08		kg-m

		Mass 2 * (Deflection due to center Mass 2)						1.54E-07		kg-m		4.01E-07		kg-m

		Mass 3 * (Deflection due to center Mass 3)						8.79E-06		kg-m		8.79E-06		kg-m

		Mass B * (Deflection due to center Mass B)						2.24E-04		kg-m		5.61E-05		kg-m

		Sum of M * y						2.33E-04		kg-m		6.53E-05		kg-m

		w ^2 = g * sum (My)/Sum(My^2)						2.26E+05		rad^/sec^2		4.93E+05		rad^/sec^2

		w = sqrt (w2)						475.7		rad/sec		702.2		rad/sec

		rotational speed 						4,543		rpm		6,706		rpm
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