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The 6M diameter THK LM Guide system supports and connects the Inner Race with the Telescope to the Outer Race of the Simulator. An engineering discussion, comparison and calculations were carried out by presenting several different loading cases. The values of the equivalent loading, safety factor and the service life of the LM Guide (bearing) were found out under the loading case with the most conservative boundary condition.
Applicable Codes:
“Allowable Stress Design”, AISC, 9th edition

“Roark’s Formulas for Stress & Strain”, 6th edition, by W.C. Young

“Technical Descriptions of the Products” Catalog 500-1E, THK Co., LTD  
The brief calculations and analysis of the THK LM Guide for the DECam Simulator
Background Brief Introduction:

The DECam simulator is composed mainly by Inner Race and Outer Race. The Inner Race is connected with the Telescope as one rigid component, such rigid one component is supported by the Outer Race through the unique THK LM (linear motion) guide system.
The detail information, configuration and others of the Simulator can find from the link: http://des-docdb.fnal.gov:8080/cgi-bin/RetrieveFile?docid=1528&version=3&filename=rotator1-simulator-des-022708.ppt
Figure 1 of page 2 are the configurations of the Telescope together with the Inner Race is supported  by the Simulator outer race through the THK LM guide system in vertical, horizontal and angular position respectively..
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When the LM block of model HCR
receives loads in all directions
‘simultaneously, the equivalent load is
obtained from the equation below.
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Figure 1. The telescope simulator in horizontal ,vertical and angular position
Design Criteria, Introductions and Assumptions:
Wtel = 28,000 lbs (mass weight of the telescope)

Wir  = 10,000 lbs   (mass weight of the inner race)

Wt1 = 38,000 lbs (total weight of the inner race and the telescope).
Wor = 10,000 lbs (mass weight of the outer race)

Nominal dim. of the inner race: 215” (di) x 239” (do) x 12.0”

Nominal dim. of the outer race: 241” (di) x 265” (do) x 12.0”

THK LM Guide system: HCR 65A+30/3000R rail (6000 mm bolt center diameter, 12 rail segments with 30 deg. for each, 120 of 5/8”-11 mounting bolts, 12 bearing blocks as showing in Figure 2 of page 3.
The HCR LM Guide is capable of receiving load in all four directions (see reference from page 11), and the basic loading ratings are uniform in the four directions, i.e. 

    Pt1 = Pt2 = Pr = Pl
The unique feature of the HCR model enables the LM Guide system to take the loads of the Simulator under different loading cases as to be presented in the following section.
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Figure 2,  The THK LM Guide – HCR 65A + 30/3000R with 12 Bearing Blocks
Assuming the nominal center gravity of the simulator (with the telescope together) is:

0,0,0 (x, y, z) as showing in the vertical view position of figure 1 of page 2.  Per Figure 3 from page 3, it is found that the distance between the center of the gravity to the middle of two ball raceway of the LM bearing block in Z dir. is:

     ez = 12”/2 + 0.25” + 1.6929” = 7.9429” ≈ 8.00”

[image: image9.png]


               [image: image10.png]


  
Figure 3, The view of the bearing block supt. bracket and the balls on raceways (4 rows).
The Inner race with the Telescope together (Wt1 = 38,000 lbs) is supported by Outer race frame through LM guide system. As showing in figure 1, the Inner race with the Telescope together will rotate about the Z axis with +/- 160 degree @ maximum speed of ~0.089 rpm, also, the Outer race, Inner race and the Telescope together will swing about the X axis at the range of 0 deg. (horizontal position) to 90 deg. (vertical position), and 90 deg. back to 0 deg @ the max. speed of 0.05 rpm.
Calculations:
Per 3 layout pictures from figure1 and figure 4 from page 4, it is purposely designed that there is +/- 15 degree angles between the closest bearing blocks (LM Guide) and the 12 & 6 o’clock location.
We will discuss, calculate and compare the results from each loading case (see figure 1).
Loading Case 1 (Horizontal position):

When the force Wt1 (the total weight of the Inner race with the Telescope together) applying to the Outer race through the LM guide system, it is reasonable to assume that there is only radial force Pr (Pl) applying to the bearing blocks (12) uniformly (when the Simulator is in horizontal position as shown from figure1.
The calculated radial load for each bearing block can be found as:
      Pr1 = Pl1 = Wt1 / number of the bearing blocks
           = 38,000 lbs / 12 = 3,167 lbs = 14.1 kN
      Pt1: negligible
      PE1 =  Pr + Pt = 14.1 kN (See pg A-94 of the THK catalog 500-1E)
      where: 

       Pr1 :  Calculated radial load of case 1
       Pl1 :  Calculated reverse radial load of case 1
       Pt1 :  Calculated lateral load of case 1.
       PE1:   Calculated equivalent load of case 1.
Loading Case 2 (Vertical position):

When the force Wt1 applying to the Outer race frame through the LM Guide system in vertical position as shown from figure 1, there is an eccentric distance ez = 8.00” between the center of the gravity and the reacting point of the bearing block (see figure 3) in Z axis. The LM bearing blocks are experience two kinks of loads simultaneously.
a. The primary lateral load Pt2 from the force Wt1 applying in Y axis.
b. The secondary radial load Pr2 generated from the moment.
To calculate the lateral load Pt2 subject the load case 2:
When the Simulator at the vertical position, as shown from figure 1, the12 bearing blocks will take the force Wt1, such force will distribute to the blocks per their designated geometric location. We assume that each quarter section of the LM guide will take 25% of the Wt1 load.
The left side view of the figure 4 from page 5 is showing that there are 3 bearing blocks located in 3 different location in XY plane (see figure 1).
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Figure 4, The force diagram of the THK LM guide bearing block under load case 2.     
The applying force, the physical location and their relation can be generated the following equations:
     0.25 Wt1 = Pn1 + Pn2 + Pn3 = 9,500 lbs. = 42.25 kN (1)
Let’s also assume:

     Pt2i = Pni/CosӨ1:   Calculated lateral load of bearing block i under the loading case 2.
     Pni :                       The normal load applying to bearing block I under loading case 2.

     Pn1 = Pt21 * Cos Ө1   (2)    
     Pn2 = Pt22 * Cos Ө2     (3)

     Pn3 = Pt23 * Cos Ө3     (4)
     Pt21 / Pt22 =  Cos Ө1 / Cos Ө2   (5)
     Pt21 / Pt23 =  Cos Ө1 / Cos Ө3   (6)
     Pt22 = Pt21* Cos Ө2 / Cos Ө1     (7)
       Pt23 = Pt21* Cos Ө3 / Cos Ө1      (8)
     Ө1 = 15 o,  Ө2 = 45 o,  Ө3 = 75 o 
Substitute the equation (2) to (8) to equation (1):

0.25 Wt1 = Pt21 * Cos Ө1 + Pt22 * Cos Ө2 + Pt23 * Cos Ө3  = 42.25kN →
Pt21 * Cos Ө1 + (Pt21* Cos Ө2 / Cos Ө1 )* Cos Ө2  + (Pt21* Cos Ө3 / Cos Ө1 )* Cos Ө3  
= 42.25kN   →

Pt21 * Cos Ө1 + (Pt21* Cos2Ө2 / Cos Ө1 ) + (Pt21* Cos 2Ө3 / Cos Ө1 ) = 42.25 kN  →
Pt21 * Cos Ө1 + Pt21* (Cos2Ө2 + Cos 2Ө3) / Cos Ө1 = 42.25 kN  →
Pt21 * [Cos Ө1 +  (Cos2Ө2 + Cos 2Ө3) / Cos Ө1 ] = 42.25 kN  →

Pt21 = 42.25 kN ÷  [Cos Ө1 +  (Cos2Ө2 + Cos 2Ө3) / Cos Ө1 ]  (9)
       = 42.25 kN ÷ [0.9659 + (0.5 + 0.067) / 0.9659]

        = 42.25 kN ÷1.5529 = 27.21 kN  
  Pt22 = Pt21* Cos Ө2 / Cos Ө1  = 19.92 kN
  Pt23 = Pt21* Cos Ө3 / Cos Ө1  =   7.29 kN

The calculation shows that bearing block 1 under the loading case 2 taking the most lateral load 

(Pt21 =27.21 kN)
Now let’s also try to find the secondary radial load subject the moment under loading case 2:
As it was pointed out in page 4, there is an eccentric distance ez = 8.00” between the center gravity and the middle of the reacting point of the bearing balls (see figure 3), the bearing will take the radial load subject the moment as it is showing from figure 5 while it also experience the lateral load at the same time.
For a simple and conservative, we assume that there are only 4 bearing blocks to take all the loads which are generated from the moment. We also assume that the 4 bearing blocks from figure 5 represent the #1 bearing blocks from figure 4 for each quarter of the Simulator respectively.
Since the bolt center diameter of the LM guide is 6000 mm (see drawing ME-436853, pg. 19) and figure 1 and figure 2, we have the following data for the boundary condition:

                      mg =  Wt1 = 38,000 lbs = 169 kN

                      L2 = ez = 8.00” = 203.2 mm

                      L0 =  2 x Cos Ө1  x 3000 mm

                            = 5,796 mm 

Since the center of the gravity is in the center in Y & X direction (see figure 1 and the assumption from page 3, we can write the following equation:

                ez * Wt1 =  (Pr21 +  Pr24 ) *  L0 = (Pl22 + Pl23 ) * L0  (10)

It is also very reasonable to assume and find out from equation (10):

                Pr21 =  Pr24 = - Pl22 = - Pl23 = (ez * Wt1 ) ÷ 2 L0 ≈ 2.97 kN  
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Figure 5, The force distribution of the bearing block under the moment of loading case 2.
Loading Case 3 (45O angular position):

When the Simulator is at the 45o angular position as shown from figure 1, the 12 bearing blocks will take the force Wt1 with the component forces Wt1L and Wt1R. 

where  
  Wt1t = Wt1* Cos 45o = 119.50 kN,  The load applying to 12 bearing blocks in lateral dir.

  Wt1r = Wt1* Sin 45o = 119.50 kN,  The load applying to 12 bearing blocks in radial dir.

It found out that by applying same methods from loading case 1 (see pg 4) and loading case 2  (see pg 4 to pg 7):
                 Pr3ip = Wt1r / 12 = 119.50 kN / 12 = 9.96 kN  ↓
                     where: Pr3ip is the calculated radial load per bearing block under loading 
                                 case 3 from the primary load.

                 Pt31 = 0.25 Wt1t ÷[Cos Ө1 +  (Cos2Ө2 + Cos 2Ө3) / Cos Ө1 ] = 19.24 kN
                      where: Pt31is the calculated lateral load per bearing block 1 under loading 

                                  case 3 from the primary load (see figure 4 and the equations from 

(1) to (9)).

                 Pr31s = Pr34s ≈ 2.1 kN  ↓  
                       where: Pr31s is the calculated radial load of bearing block 1 under loading 

                                  case 3 from the secondary load (see figure 5 and the equation (10))
                 Pr33s = Pr32s    ≈ 2.1 kN  ↑
                     where: Pt33s is the calculated reverse radial load per bearing block 3 under 
                                loading case 3 from the secondary load (see figure 5 & equation (10))
          so:  Pr31 = Pr3ip + Pr31s = 9.96 kN + 2.1 kN = 12.06 kN
                where: Pr31 is the total calculated radial load of the bearing block 1 (See figure     

                            4 and figure 5 under the primary and secondary loads together from the
                             loading case 3).
To find out the maximum equivalent load Pe of bearing block under different loading cases:

When two or more loads (radial and lateral load) applied to the LM Guide simultaneously, the THK Co. defined that the equivalent load as:

          Pe = Pr + Pt  (11) 
            Per pg A-94, catalog 500-1E, THK Co.

From the assumption, analysis and calculation from pg 2 to pg 7, it is found that bearing block 1 will have the maximum equivalent load.
          Pe11 = Pr1 + Pt1

                          =  14.1 kN (See pg. 4)

                 where: Pe11 is the calculated equivalent load of the bearing block 1 under 

                             loading case 1.

           Pe12 = Pr2 + Pt2

                          =  2.97 kN + 27.21 kN = 30.18 kN (See pg. 4 to pg 7)

                  where: Pe12 is the calculated equivalent load of the bearing block 1 under 

                              loading case 2.

           Pe13 = Pr3 + Pt3

                          =  12.06 kN + 19.24 kN = 31.10 kN (See pg 7) → the highest value.
                  where: Pe13 is the calculated equivalent load of the bearing block 1 under 

                              loading case 3.

So: Under loading case 3, bearing block 1 of the LM Guide will have the highest equivalent load. Let’s find out the static safety factor Fs:

           Fs = Co / Pe =  215 kN / 31.10 kN ≈ 6.9 

                  (per pg A-95, catalog 500-1E, THK Co.)

                  where: Co is the basic static load of the LM guide HCR65A +30/3000R

                               (See pg. B-168 & B-169, catalog 500-1E, THK Co.),  P12-P13.                          

To find out the service life L10 of the LM guide under the loading case as we defined:

Assuming the max. speed of the LM guide:

  Vmax = 11.25 minutes per revolution = 0.089 rpm.

Rotational angle range:
   +/- 160o which equals ~ 16,756 mm = 16.756 m 
   for one full strike (320o/ per 10  minutes).

Let’s assuming:

   2 strikes per hour (i.e. 20 minutes for every hour is in rotational movement)

   each day (8 hrs) will have 2 x 8 = 16 full strikes (i.e: 1/3 of the whole time,  the inner 
   race with the telescope is in rotational movement with the defined angle range).
Each week will be: 16 x 5 = 80 strikes

Each year will be: 80 x 52 = 4,160 strikes

Let’s assuming the machine will operate as we defined for 10 years: 

      4,160 x 10 = 41,600 strikes = 41,600 x 16.756 m = 697,050 m = 697.050 kM

Per pg A-100, catalog 500-1E, THK Co., the calculated nominal life L10 for an LM Guide under the loading case 3 (the worst B.C) can defined as: 
L10 = [(fh * fr * fc / fw)  * (C / Pe)]3 x 50 kM

      = [141 kN ÷ (31.10 kN x 1.50)]3 x 50 kM
      = 1,380 kM > 697.05 kM (10 year life under the assuming load condition)
      Where: fh = 1.0,  hardness factor
                   ft = 1.0, temperature factor: room temperature
                   fc = 1.0, contact factor: normal use

                   fw= 1.5, vibration impact: medium

                          (See pg. A-101 to A-102, catalog 500-1E, THK Co.)

                   C = 141 kN, the basic dynamic load rating 

                           (See pg B-169, catalog 500-1E, THK Co.).  See P12-P13.
Conclusions:

The safety factor and service life of the LM Guide (HCR 65R+30/3000R) are obtained after the discussion, calculation and comparison with several different simulating loading cases (boundary condition) of the DECam Simulator.
It is find out that the safety factor is about 6.9, and the LM Guide service life is more than 10 years under the most conservative boundary condition as defined for the DECam Simulator. The calculated results are also confirmed with the analysis results from the “THK R Guide/Life Calculations: DES Telescope Simulator Stand” by the THK America Inc. Corporate Engineering (See P20 to P36). Both calculated data are very conservative.
Up to these ends, it is satisfactory by applying the THK LM Guide with model HCR 65R+30/3000R/12 to the design and application of the DECam Simulator.
References:

1.  “A Preliminary design of the Rotator for the DES Simulator Stand”  By  E. Chi

      02/28/2008, by link:  http://des-docdb.fnal.gov:8080/cgi-bin/RetrieveFile?docid=1528&version=3&filename=rotator1-simulator-des-022708.ppt
2.  General Catalog-Linear Motion Systems, No: 500-1E, THK Co., Ltd.

      by link:   https://tech.thk.com/ 
3.  Rated loads in all directions (See pg A-265, catalog 500-1E, THK Co.)         ….P11

4.  Pages of  A-94, B-168, B-169, A-95, A-100, A101 & A-102 from Catalog 500-1E,  

     THK Co, …..P12 to P18 

5. Drawing ME-436853,                                                                                        ….P19

6. “THK R Guide/Life Calculations: DES Telescope Simulator Stand” No. 1010-

     A00575-J11WY, 04/13/2009,  by THK  America, Inc. Corporate Engineering

                                                                                                                   …. P20 to P36

[image: image25.emf]
[image: image26.emf]
[image: image27.emf]
[image: image28.emf]
[image: image29.emf]

[image: image30.emf]
[image: image31.emf]
[image: image32.emf]
[image: image33.emf]
[image: image34.emf]
[image: image35.emf]
[image: image36.emf]
[image: image37.emf]
[image: image38.emf]



















































45o  angular position














vertical position





horizontal position





Pt2i








PAGE  
36

