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1. Introduction

The JD Disk is supported on an airpad and rollers to facilitate its movement on the rail.  The main load of the JD (120 tons) is supported by the airpad while the purpose of the two outrigger rollers is to provide stability during movement.   A hydraulic cylinder (Z Cylinder) is mounted to drive the movement of the JD Disk.  Figure 1 shows the basic layout of the airpad, rollers, and Z cylinder.  
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The purpose of this analysis is to calculate the forces acting on each of the stabilizer rollers, the airpad, and the Z force required to push the JD into position.  Figure 2 shows the layout of the forces acting on the JD.  The following forces are acting on the JD:

R1, R2 = roller forces at roller #1 and #2 respectively

P = Airpad force

Fx = horizontal force from the cable tray.  This force acts at the CG of the JD and acts in the direction to oppose the motion of the JD.  

Fy = vertical force from the cable tray.  This force acts 3,000mm from the CG of the JD

Fz = Horizontal Force from the Z cylinder which drives the movement of the JD.

Fa = inertia force of the JD which acts at the CG of the JD
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A further assumption is that only one of the rollers is in contact at any time.  The following load cases were examined for both Side A and Side C:

· Extracting the JD with only Roller #1 in contact

· Extracting the JD with only Roller #2 in contact

· Inserting the JD with only Roller #1 in contact

· Inserting the JD with only Roller #2 in contact

During the movement of the JD the Z cylinder force, Fz, will be controlled within certain limits.  Therefore, it is important to know how the dependent forces, R1, R2, and P will vary with the force Fz.  By understanding the relations between Fz and the dependent forces R1, R2, and P it is possible to design the rollers and as well as define the acceptable range in which Fz must be controlled.  

The parameters in the table below were used in the analysis of the forces.  The value for b, the distance between the airpad and R2,  has been reduced 635mm to create a clearance for an interference with the Muon chambers.  

	Force Parameters
	Variable
	Value
	Units

	Weight of JD
	W
	120.00
	tons

	Horizontal Cable Force
	Fx
	1.00
	tons

	Vertical Cable Force
	Fy
	0.50
	tons

	Note: Fx always acts in the opposite direction of the Z cylinder Force

	Fx=0 in Static Load Cases
	
	
	

	
	
	
	

	
	
	
	

	Location Parameters
	
	
	

	Distance CG to Airpad
	a
	9
	mm

	Airpad to Roller R1
	b
	395
	mm

	Airpad to Roller R2
	c
	535
	mm

	Airpad to vertical cable Force
	d
	3,000
	mm

	Airpad to horizontal cable Force
	e
	4,390
	mm

	Vertical distance to CG
	f
	4,390
	mm

	Airpad to Support Jack
	g
	450
	mm

	Airpad to Support Jack
	h
	450
	mm

	Vertical distance to Z cylinder
	I
	290
	mm

	
	
	
	

	Physical Parameters
	
	
	

	Airpad Friction Coefficient
	u1
	0.01
	

	Roller Static Friction Coefficient
	u2
	0.1
	

	Roller Dynamic Friction Coefficient
	u3
	0.02
	

	Angle of Rail
	B
	0.01236
	radians


2. Static Condition

The JD will initially be at rest on the rail with no forces acting on it except for gravity and friction.  The forces on the rollers and airpads are listed in the table below.  Also listed in this table is the Z cylinder force, FZ which is required to overcome static friction and begin the movement of the JD.  Side C is supported on Roller #1 and Side A is supported on Roller #2 in the static condition.  It should be noted that different values of Fz are needed to overcome static friction when inserting or extracting, this depends on the direction of the weight.  

	Static Load Condition – Side C

	Fx=a=v=0
	
	
	 

	Roller Force 
	R2
	9.95
	tons

	Airpad Vertical Force
	P
	110.54
	tons

	Fz to overcome static friction-Extract
	Fz
	3.58
	tons

	Fz to overcome static friction-Insert
	Fz
	0.62
	tons


	Static Load Condition – Side A

	Fx=a=v=0
	
	
	 

	Roller Force 
	R1
	16.99
	tons

	Airpad Vertical Force
	P
	103.50
	tons

	Fz to overcome static friction-Extract
	Fz
	1.25
	tons

	Fz to overcome static friction-Insert
	Fz
	4.22
	tons


3. Constant Velocity

The goal of the control system is to push the JD at a constant velocity.  In this case the inertia force, Fa, equals zero.  The tables below summarize the forces on the rollers, airpads, and the required Z cylinder force, Fz, that is needed to achieve this condition.  

	Inserting JD – Side C

	Acceleration =0
	
	
	 

	Airpad Vertical Force
	P
	111.60
	tons

	Force on Roller
	R2
	8.90
	tons

	Z cylinder force
	Fz
	2.20
	tons


	Extracting JD – Side C

	Acceleration =0
	
	
	 

	Airpad Vertical Force
	P
	91.31
	tons

	Force on Roller
	R1
	29.18
	tons

	Z cylinder force
	Fz
	5.98
	tons


	Inserting JD – Side A

	Acceleration=0
	
	
	 

	Airpad Vertical Force
	P
	97.9
	tons

	Force on Roller
	R2
	23.1
	tons

	Z Cylinder Force
	Fz
	3.9
	tons


	Extracting JD – Side A

	Acceleration=0
	
	
	 

	Airpad Vertical Force
	P
	111.26
	tons

	Force on Roller
	R2
	9.23
	tons

	Z Cylinder Force
	Fz
	0.81
	tons


4. Side A Extraction of the JD while Accelerating

Figure 3 shows the outline of the forces that are acting on the JD on Side A.  During Extraction the Force Fz acts to the right, away from the IP.
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Figure 3

Forces on JD – Side A

First, the forces on the JD were examined if only Roller #2 was in contact.  Figure 4 shows how the force on Roller #2, R2, varied with the Z cylinder force, Fz.  As Fz increases from zero to 1.92 tons the roller forces goes from 15tons to zero.  At 1.92 tons the roller forces are zero and entire load is carried by the airpad.  For Fz greater than 1.92tons the roller force R2 becomes negative.  This, of course, is not possible, and indicates that at this point the JD is tipping over.  Figure 5 shows the forces acting on R1.  Up to Fz=1.92 tons the value of R1 is negative which indicates that there is no contact.  After Fz=1.92 tons the value of R1 becomes positive.  Therefore, during extraction of the JD on Side A contact will initially be on R2 and then at Fz=1.92 tons it will rotate and make contact on R1 at Fz continues to increase.  However, during the extraction of the JD on Side A, Fz will ideally be equal to .81 tons in order to obtain a constant velocity.  This is below the tipping value of Fz of 1.92tons, therefore, the JD will maintain contact on R2 throughout its extraction on Side A.

The JD is initially in a static position resting on R1 on Side A.  A force Fz=1.25 tons has to be applied to overcome static friction.  As soon as the JD begins to move this force will still be applied and the JD will accelerate while being supported on R1.  The constant velocity case is obtained when Fz = .8tons which will still maintain contact on R1.  
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Extracting JD - Side A
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5. Side A – Insertion of JD

Figures 6 and 7 show the relationship between Fz and R2 and R1 respectively during the insertion of the JD on Side A.  However, this time contact begins on R1 and not R2.  From Fz=0 to .66tons the force R1 goes from 9tons to zero.  After Fz=.66tons R1 becomes negative.  The JD at that point rotates and makes contact on R2.  R2 then increases with increasing Fz.  

The JD is initially at rest on Side A and being supported by R1.  When a force of Fz=4.22tons is applied static friction is overcome and it begins to move towards the IP during insertion.  As soon as static friction is overcome the JD will rotate and make contact on R2.  Fz can then be reduced to 3.9tons in order to achieve a constant velocity.  

6. Side C – Extraction

The forces acting on Side C are show in Figure 8.
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Inserting JD Side A
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Figures 9 and 10 show how the forces R1 and R2 vary with the Z cylinder force, Fz.  The variation of the roller forces is similar to Side A.  As Fz increases from zero to 1.92 tons, R2 decreases from 21tons to zero.  R1 in this range is negative which cannot occur.  At Fz=1.92 tons R2 becomes negative and R1 begins to increase with Fz.  Therefore, after Fz=1.92tons R1 will be in contact while R2 looses contact.  

The JD is initially in the static condition. A force Fz=3.6 tons is required to overcome static friction and begin the movement of the JD.  As soon at the JD began to move this force would still be applied so contact would occur on R1.  A constant velocity condition is obtained when Fz =5.98 tons and contact is on R1.  
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7. Side C – Insertion

Figures 11 and 12 show the relationship between Fz, and R1 and R2.  Contact is initially on R1 as Fz is increased from zero to .66tons, R1 declines from 17tons to zero.  Then the JD rotates and contact is on R2 which increases with Fz.  Initially the JD is in the static condition and a force Fz =.6 tons is required to overcome static friction and move the JD.  As soon as the JD moves the JD will have contact on R1.  A force Fz=2.2 tons is needed though to maintain a constant velocity.  As Fz is increased from .6tons to 2.2 tons the JD will rotate at Fz=.66 tons so that contact will shift from R1 to R2.  During constant velocity the JD will be supported on R2.  
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Inserting JD Side C
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8. Stability of Structure as a function of Friction

The analysis described above was based on assumptions about the coefficient of friction for the airpad and rollers.  However, the results of this analysis are critically dependent upon these values and if the coefficient of friction of the roller reaches certain critical values.  In order to understand the relationship between the roller friction and the forces a simplified analysis can be performed.  The JD can be assumed to be in equilibrium and moving at constant velocity during the extraction of the JD which would be riding on Roller #1.  In this case the z cylinder has to exert Fz=5.98tons to obtain equilibrium.  Any increase in Fz above 5.98tons (the equilibrium point) must be opposed by the inertia force and the friction force at R1. (assume changes in friction on the airpad are zero.)
(Fz = (Fz-5.98tons) = Fa + (R1

However, Fa and R1 are related to each other because they must be in rotational equilibrium about the airpad.  

-b*R1 = f*Fa

where b is the distance from the airpad to R1 and f is the distance from the airpad to Fa, see Figure 3 above.  The nominal value of b=395mm and f=4390mm.  

R1= (f/b)*Fa

Substitituing this equation into the equation for (Fz yields:

R1= (Fz *(f/((f-b))

R1 goes to infinity when the denominator goes to zero, this will occur when the friction coefficient is .09.  If we keep all of the parameters used in the above analysis the same except that we increase the roller dynamic coefficient of friction from .02 to .09 we should find a dramatic increase in the roller force.  The actual equations that were used to solve for the forces acting on the JD were much more complicated than the simplified example given above.  When we use the actual static equations we find that at a roller coefficient of friction of .12 there is a dramatic increase in the roller force as seen in the figure below.  This figure should be compared to Figure 9 above.  
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As the roller friction is increased further we find that the slope of these graphs also changes.  In figure 9C and 10B below the roller forces for R1 and R2 are shown for extracting Side C.  As can be seen in these figures below Fz=1.9 tons neither roller is in contact with the rail which is an unstable situation and would result in the JD rocking back and forth between R1 and R2.  

It is not unreasonable to expect that the coefficient of friction of the roller could vary between .02 and .15 during movement.  The Hillman roller company recommends using a coefficient of rolling friction of .1 to .2 for their rollers and tests at ANL on single rollers for the loads expected also show that it is possible to obtain a range of between .2 and .15.  Given the dramatic changes in roller forces as the coefficient of friction changes it will be very difficult to control the motion of the system.  
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9. Conclusion

Two rollers are used on either side of the airpad to provide stability during the movement of the JD. This paper examined the forces which occur during the movement of the J D for the parameters that are listed in the beginning of the paper.  The results presented are dependent upon the coefficient of frictions that are used.  It has been shown that there are considerable sudden changes in the forces which are required to initially hold the JD in place, to overcome friction and begin movement, and then to obtain constant velocity.  It is not clear at this time whether the hydraulic system will be able to react fact enough between these conditions.    

Most importantly this analysis has show a strong dependence of the roller forces on the coefficient of friction of the roller.  If the roller friction changes during movement the roller forces and Fz that are required to obtain equilibrium will also change dramatically.  Also, there are critical values of the roller friction that drive the roller forces to unacceptably high values.  






