Analysis of Welded Flange Collar
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The following is a preliminary analysis of the above concept.

As it turns out, a total of 21 belleville washers conveniently fit on the collar flange, avoiding interferences with the box bolts, etc.. A suitable Belleville washer which will fit the 5/8” shoulder bolt is Solon type 10L98301 which deflects 0.020” at 2940 lbf. OD is 1.313”. With 21 washers in parallel the spring constant of the connection is 3.1e6 lbf/in. Given this, the projected load sharing between the flag/shoe and collar is 92:8….

	Total Vertical Load, Inner Layer Flag
	2309
	lbs

	Total Vertical Load, Outer Layer Flag
	9234
	lbs

	Total Vertical Load
	249325
	lbs

	COLLAR
	
	 

	∆Lem
	0.005
	in

	fF1 w/o Belleville
	0.60
	 

	fF2 w/o Belleville
	0.40
	 

	X=fF1/fF2
	1.5
	 

	k1
	2.99E+07
	lb/in

	k2
	1.99E+07
	lb/in

	kb
	3.11E+06
	lb/in

	k2'
	2.69E+06
	lb/in

	fF1
	0.92
	 

	fF2
	0.08
	 

	∆Lthermal
	0.007
	in

	Fthermal
	1.88E+04
	lb

	∆Lb
	0.020
	in

	Fbunit
	2940
	lb

	kbunit
	147000
	lb/in

	#unit
	21
	 


Using two 5/8” diameter bolts on the collar attachments, per each of the three gaps, 2ksi compression can be achieved at SOFT. Then, assuming that the zero compression shear strength of the wet lay-up is 2ksi, a safety factor of 2.0 is realized on the wet lay-up shear. This takes into account the combined loads from EM vertical, EM torsional,  thermal, and 500 lbf preload on each of the twenty-one 5/8” shoulder bolts…

	Collar Height
	3.25
	in

	Inner Leg Groundwall Outer Radius
	3.96
	in

	Circumference
	24.88
	in

	Area
	80.86
	in^2

	Torque in Collar
	42000
	N-m

	 
	30976
	ft-lbs

	 
	371717
	in-lbs

	f Torsion to Collar
	1.0
	 

	Torsional Force in Collar
	93868
	lbs

	Torsional Shear in Collar
	1161
	psi

	Vertical EM Load in Collar
	20560
	lbs

	Vertical Preload in Collar
	10500
	lbf

	Thermal Load to Collar
	18823
	lbs

	Total Vertical Load to Collar
	49883
	lbf

	Thermal Shear in Collar
	232.78
	psi

	Combined Load in Collar
	106299
	lbs

	Collar Safety Factor
	2.00
	 

	Shearing Yield in Collar
	212598
	lbs

	Wet Lay-up Shear Strength
	2000
	psi

	Compression for Safety Factor
	2097
	psi

	Shear Strength w/compression
	2629
	psi

	Cu Coeff of Expansion
	1.69E-05
	per degC

	Tinit
	10
	degC

	R Cu at Tinit
	3.874
	in

	Tsoft
	29
	degC

	∆R Cu SOFT
	1.24E-03
	in

	Teoft
	66
	degC

	∆R Cu EOFT
	3.67E-03
	in

	Teop
	95
	degC

	∆R Cu EOP
	5.57E-03
	in

	Wet Lay-up Elasticity
	1.00E+06
	psi

	Wet Lay-up Thickness
	0.250
	in

	Wet Lay-up K
	3.23E+08
	lb/in

	Collar Elasticity
	2.90E+07
	psi

	Collar Thickness
	0.500
	in

	Collar K for Circumferential Displacement
	1.68E+06
	lb/in

	#Collar Bolts
	2
	

	#Collar Gaps
	3
	 

	Collar Gap Length
	0.25
	in

	Bolt Dia
	0.625
	in

	Pitch Dia
	0.589
	in

	Threads/inch
	18
	 

	Bolt Tensile Stress Area
	0.26
	in^2

	Bolt Elasticity
	2.90E+07
	psi

	Bolt Length
	1.25
	in

	K per Bolt
	5.94E+06
	lb/in

	Net Bolt K for Circumferential Displacement
	3.96E+06
	lb/in

	Net Collar K for Circumferential Displacement
	1.18E+06
	lb/in

	Net Collar K for Radial Displacement
	7.42E+06
	lb/in

	Net K
	7.25E+06
	lb/in

	Thermal Force SOFT
	9018
	lbf

	Thermal Compression SOFT
	112
	psi

	Thermal Hoop Tension SOFT
	1481
	lbf

	Thermal Force EOFT
	26580
	lbf

	Thermal Compression EOFT
	329
	psi

	Thermal Hoop Tension EOFT
	4364
	lbf

	Thermal Force EOP
	40345
	lbf

	Thermal Compression EOP
	499
	psi

	Thermal Hoop Tension EOP
	6624
	lbf

	Collar Hoop Tension for Compression
	26993.28
	lbf

	SOFT Hoop Tension Deficit=Preload
	17975.06
	lbf

	EOP Hoop Tension Maximum
	24599.18
	lbf

	Collar Hoop Stress Maximum
	15138
	psi

	Force/Bolt
	12300
	lbf

	Bolt Stress
	48053
	psi

	Bolt Safety Factor
	1.5
	 

	Bolt Mat'l Tensile Yield for Safety Factor
	72080
	psi


Using 21 parallel 5/8” shoulder bolts (1/2” diameter thread) with 500 lbf preload each, the stresses in the bolts and disk and flange materials are acceptable. Also, the Belleville washers come close to, but do not flatten, under the combined loads….

	SHOULDER BOLTS
	
	 

	#Shoulder Bolts
	21
	 

	Bolt Radial Location
	7.8265
	in

	Torsional Force at Bolt Radius
	47495
	lbs

	Shear Force/Bolt
	2262
	lbs

	Nominal Bolt Size
	0.625
	in

	Shoulder….
	
	 

	OD
	0.875
	in

	ID
	0.623
	 

	Depth
	0.5
	in

	Applied Moment
	565
	in-lbs

	Shoulder Reaction Force for Equilibrium
	1292
	lbs

	SOFT Axial Force (EM Only)
	979
	lbf

	Preload
	500
	lbf

	SOFT Axial Force (EM + Preload)
	1479
	lbf

	SOFT Axial/Equilibrium Req't
	1.14
	 

	EOFT Axial Force (EM + Thermal + Preload)
	2875
	lbf

	Max Belleville Deflection
	97.8%
	 

	Shoulder Bearing Area
	0.296
	in^2

	Stress Concentration Factor
	1
	 

	Bearing Stress
	4359
	psi

	Bearing Safety Factor
	1.5
	 

	Bearing Yield for Safety Factor
	6538
	psi

	Shear Bearing Area
	0.4375
	in^2

	Bearing Stress Concentration Factor
	2.3
	 

	Bearing Safety Factor
	1.50
	 

	Bearing Yield Strength for Safety Factor
	17835
	psi

	Shear Area in Bolt
	0.30
	in^2

	Shearing Safety Factor
	1.5
	 

	Shear Allowable/Tensile Allowable
	0.50
	

	Bolt Tensile Yield Strength for Safety Factor
	22258
	psi

	Male Thread…
	
	 

	Max Tensile Force/Bolt
	2875
	lbf

	Bolt Dia
	0.5
	in

	Neck Dia
	0.397
	in

	Threads/inch
	13
	 

	Bolt Tensile Stress Area
	0.12
	in^2

	Bolt Stress
	23229
	psi

	Bolt Safety Factor
	1.5
	 

	Bolt Mat'l Tensile Yield for Safety Factor
	34843
	psi

	Female…
	
	 

	Shear Safety Factor
	1.5
	 

	Thread engagement length
	0.346
	in

	Shear area
	0.324
	in^2

	Shear Allowable/Tensile Allowable
	0.50
	 

	Tensile yield for Safety Factor
	26653
	psi


Following standard practice for loading of welds, a 0.22” dia weld is necessary at r=5.5” to withstand the combined loads. This might be improved using stronger welding alloy...

	WELD
	
	 

	Radius of Weld
	5.5
	in

	Torsional Force
	67585
	lbf

	Vertical Force
	49883
	lbf

	Combined Force
	84000
	lbf

	Available Circumference
	34
	in

	Force/inch
	2485
	lbf/in

	Weld Safety Factor
	1.00
	 

	Weld dia for Safety Factor
	0.22
	in

	Allowable force/in
	2485
	lbf/in


With 92% of the load going to the flag & shoe, large safety margins still exist. In the following analysis, it is assumed that all 36 flags (both tiers) share the vertical load.  Thermal loads are not considered. On this simplified basis, at mu=0.4, the shoe does not even need to act….

	JOINT & SHOE
	mu=0.2
	mu=0.4
	

	fF1
	0.92
	0.92
	 

	Vertical Load on Joints & Shoes
	228764
	228764
	lbf

	Joint Friction Coefficient
	0.2
	0.4
	 

	Preload
	20000
	20000
	lbf

	Friction Capability per Joint
	4000
	8000
	lbf

	Total Friction Capability
	144000
	288000
	lbf

	Load to Shoe
	84764
	0
	lbf

	fVertBolt
	0.586
	0.586
	 

	fAngBolt
	0.414
	0.414
	 

	Bolt Pullout Force in copper
	10000.000
	10000.000
	lbf

	FVertBolt
	1379
	0
	lbf

	Pullout Safety Factor
	7
	
	 

	FAngBolt
	975
	0
	lbf

	Pullout Safety Factor
	10
	
	


