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1 
I 

L INTRODUCTION 

The 5 Kwe Reactor TE System reac to r is control led by the axial 

movement of two control s ec to r s in the ref lec tor a s sembly . An ac tua tor , 

mounted nea r the shield, supplies the rota t ional energy r equ i r ed to 

posi t ion each control sec to r . Envi ronmenta l and pe r fo rmance r e q u i r e 

m e n t s , and space al locat ion for the actuator a r e specified in Reference 1 

through 11, and a r e summar i zed in Section IV. 

I This r e p o r t de sc r ibes the approach used in a r r iv ing at an 

opt imized ac tuator design, and desc r ibes the prototype actuator design. 

II. OPTIMIZATION APPROACH - STEPPER MOTOR 

I 

The approach to optimizat ion was to per form the following 

s teps i t e ra t ive ly , improving the design with each evolution, making such 

comproiTiiscs as n e c e s s a r y to interface the var ious r e q u i r e m e n t s . 

A. Conceptual Layout 

The a r r a n g e m e n t of p a r t s with the var ious p a r t s sized on very 

p r e l i m i n a r y calculat ions w e r e shown on a p r e l i m i n a r y layout drawing. 

B. Calculat ion of Stepper P e r f o r m a n c e 

The pe r fo rmance of var ious s tepper moto r s that would fit 

within the conceptual layout was calcula ted by use of a computer ana lys is 

model . 

C. Determinat ion of Pe r fo rmance Requ i remen t 

The torque r equ i r emen t s for slow speed stepping and rapid 

s c r a m w^ere determined as a function of ac tuator step size because of the 

FORM 7 19-1' ui ;v. K-(;<l 
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sys tem r e q u i r e m e n t of approximate ly 5 mi l s of axial control sec tor 

movemen t pe r ac tua tor s tep . The ac tua tor speed to m e e t s c r a m requ i re 

ment vai ' ies v/ith step s ize . 

D, Evaluation 

' The calculated ac tua tor pe r fo rmance was plotted on a coinmon 

b a s i s a s the r e q u i r e m e n t s and the overa l l evaluations w e r e made . 

E. Selection 

The final design of the prototype ac tua tor was selected on the 

b a s i s of pe r fo rmance vs . r equ i r emen t evaluation. 
• * 

I 

I 

III. OPTIMIZATION STUDY - STEPPER MOTOR 

The stat ic torque of a re luc tance s tepper motor , since i t is 

a p e r m e a n c e machine , i s descr ibed by: 

T = K NI^ — 
d0 

where (Reference 12) 

T = Static torque in oz- in . 

K = Constant to accominodate units used 

NI = Magnetomotive force in a m p e r e turns 

dP 
d0 = Differential pe rmeance witli angular motion 

This forinula is the ba s i s of the torque formula used in the computer 

p r o g r a m in the form 

T = K L N U (B^ Gj - B^ G^) 

wh ere 

I'OKM 7 I ' . ) - - I ' RI';V. H-G'J 
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T = S ta t ic t o r q u e in o z - i n . 

K = C o n s t a n t to a c c o i n m o d a t e un i t s u s e d 

I L = L e n g t h of t e e th in i n c h e s 

' N = N u m b e r of w o r k i n g t e e t h 
I 

R = R a d i u s of r o t o r t e e t h a t gap in i n c h e s 
2 

B = F l u x d e n s i t y , f o r w a r d t o r q u e in K L / i n 
G = A i r gap ( r o t o r to s t a t o r ) a t f o r w a r d flux d e n s i t y 

in i n c h e s 
I , 

2 
I I B„ = F l u x d e n s i t y , r e v e r s e t o r q u e in K L / i n 
,1 G~ = A i r gap ( r o t o r to s t a t o r ) a t r e v e r s e flux d e n s i t y 
I in i n c h e s 
;l 

2 
B e c a u s e the v a l u e B„ x G_ i s v e r y diff icul t to c a l c u l a t e 

a n a l y t i c a l l y , e x p e r i m e n t a l l y a d j u s t e d da ta w e r e u s e d . 

C a l c u l a t i o n s w e r e i n i t i a l l y m a d e to a r r i v e a t s t e p p e r m o t o r 

d e s i g n w i th a fixed l e n g t h , s h e l l d i a m e t e r s , and m a g n e t i c gap . The r o t o r 

d i a m e t e r and the r o t o r and s t a t o r t e e t h c o n f i g u r a t i o n s w e r e then c a l 

c u l a t e d , in a c c o r d a n c e w i th t h e follow^ing m a t r i x . 

STEE-' SIZE TOOTH SIZE ROTOR DIA. 

3.462° .140 2 .317 
(3 t e e t h / p o l e ) .150 2.483 

,160 2.648 
.170 2 .814 
.180 2 .979 

2 .647° .115 2 .489 
(4 t e e t h / p o l e ) .120 2 .597 

.125 2.706 

.130 2.814 

.135 , 2 .922 

2.143° .090 2 .406 
(5 t e e t h / p o l e ) .095 2 .540 

.100 2.674 

.105 2 .807 
; i i o 2 .941 

KOliM 7 1!)-! ' Kl'i'V. H-(,'.) 
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I 

STEP SIZE 

1.800° 
(6 teeth/pole) 

1.368° 
(8 teeth/pole) 

1.000" 
(11 teeth/pole) 

0.738° 
(15 teeth/pole) 

(cont. ) 

TOOTH SIZE 

.075 
•080 
.085 
.090 
•095 

.055 

.060 

.065 

.070 

.045 

.050 

ROTOR DIA 

2.387 
2.546 
2.706 
2.865 
3.024 

2.311 
2.521 
2.731 
2.941 

2.578 
2.865 

.035 2.718 

The inputs to the computer model used for the calculat ions a r e : 

T r i a l ro to r dia. 

Magnetic gap 

Core length 

Shell ID 

Shell CD 

Tooth size 

Slot Depth 

Pole width 

Pole thickness 

Wire d iamete r 

Conductor r e s i s t iv i ty 

and the outjauts a r e : 

Final ro tor dia. 

Tee th /pole 

I'OiiM 7 i ; ) - i ' K]';v. H-di) 
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II 

' I Co i l c u r r e n t 

Coi l v o l t a g e 

C u r r e n t d e n s i t y 

S ta t ic torcjue 

S tepp ing t o r q u e 

T u r n s / c o i l 

, I n d u c t a n c e 

F l u x d e n s i t i e s in a l l p a r t s 

, Amipere t u r n s in a l l p a r t s 

I A t y p i c a l comiputed t o r q u e ou tpu t , for 5 t e e t h / p o l e , 2. 143° 

s t e p , i s show^n in F i g u r e 1. 

A r e p l o t of t h i s c u r v e , F i g u r e 2, shows how, for a spec i f i c 

c u r r e n t d e n s i t y , the ou tput v a r i e s w i t h the tooth s i z e . 

The m a x i m u m s t e p p i n g s c r a m t o r q u e r e q u i r e m e n t s for v a r i o u s 

a c t u a t o r s p e e d ( s t ep s i ze ) a r e shown in F i g u r e 3. The s c r a m r a t i n g 

c u r v e show^n i s the e q u i v a l e n t s t e p p i n g t o r q u e to c o m p e n s a t e for t o r q u e 

r e d u c t i o n a s s o c i a t e d w i th ou tpu t s p e e d . The r a t i n g c u r v e w a s d e t e r m i n e d 

on the b a s i s of e x p e r i m e n t a l da ta g e n e r a t e d on the S8DR d e s i g n a c t u a t o r s 

a s a funct ion of a c t u a t o r s p e e d . H o w e v e r , u n l e s s the s c r a m s p e e d i s 

g r e a t e r than 8 R P M , i t i s the low s p e e d r e q u i r e m e n t s t h a t a r e the c o n 

t r o l l i n g v a l u e for o p t i m i z i n g t h e a c t u a t o r d e s i g n . The t o r q u e r e q u i r e 

m e n t s a r e t a b u l a t e d : 

A C T U A T O R S T E P SIZE VS. T O R Q U E R E Q U I R E M E N T S 

T e e t h / P o l e 

S tep-degrees 

4 step sequence -degrees 

Ref. movement - inch 

Scram RPM 

8 

1. 37 

5.48 

. 0054 

4 .57 

6 

1.8 

7, 2 

. 0054 

6. 00 

5 

2. 14 

8.65 

. 0054 

7. 12 

4 

2.65 

10. 60 

. 0054 

8. 84 

3 

3.46 

13. 84 

. 0054 

11. 50 

FORM 7 I ' . ) - l ' RKV. K-(i! l 
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(cont. ) 

Step torque max oz- in . 103 76 62 49 '?7 

Scrain torque max 70 50 42 39 27 

I F igu re 4 shows how the r equ i r ed torques and ac tua tor developed 

torque va ry with actuator speed. It appea r s that the l a rge s t design 

marg in s exis t in the range of speed between 6 to 9 RPM. The following 

fac tors tend to favor a s lower speed. 

I 1, Lower bear ing surface speed. 

2. Low^er gear r a t io , e a s i e r to in tegra te into the space 

1 avai lable . 

3. L a r g e r dr ive pinion to reduce ro tor shaft s t r e s s e s . 

I 4 . L e s s bear ing surface t r ave l . 

On the bas i s of the above evaluation, the 6 tee th /pole which 

r e su l t s in 6 RPM s c r a m speed was selected. The other p a r a m e t e r s were 

then a l so fixed. 

} 

IV. ACTUATOR OPERATIONAL AND DESIGN REQUIREMENTS 

A, Expected Operat ional Torques 

With the select ion of the ac tuator design p a r a m e t e r s resu l t ing 

in a 1. 8° step (6 RPM s c r a m ) , the expected opera t ional torque r e q u i r e 

men t s at the actruator ro to r to dr ive and b rake the control sec to r under 

the var ious opera t ional modes w e r e de te rmined as the function of the 

friction coefficient of the dr ive sys tem and ac tuator bea r ings . Analyses 

had shown the var ia t ion of the friction coefficient to be the dominant 

factor in tin; torque r equ i r emen t s for a given design. The expected 

friction coefficient is . 35 over the operat ional condit ions, with the upper 

I'OKM 7 1i)- l ' RKV. K-(i!) 
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1 J 

and lower 

a r e 

1 '' 
!i 

1 J 

1 ' 

1 
1 

1 

=; c 

limit.s of . 60 and . 10. The 

shown below: 

ontrol 

Ground tes t ( reac tor down) 

Acce le ra t ion 

Fr i c t ion coefficient 

Stepping torque 

Scram torque 

Brake holding torque 

Fl ight 

Acce le ra t ion 

F r i c t ion coefficient 

Stepping torque 

Scram torque 

Brake holding torque 

Fl ight 

Acce le ra t ion 

Fr ic t ion coefficient 

Stepping torque 

Scram torque 

Brake holding torque 

Launch ( reac tor down) 

Acce le ra t ion 

Fr ic t ion coefficient 

Brake holding torque 

Launch ( reac tor up) 

Acce le ra t ion 

Fr ic t ion coefficient 

Brake holding torque* 

Sector held by mechanica l ' 

calculated torque re 

, 1 

16.4 

9 . 4 

3 . 6 

. 1 

3. 9 

0. 1 

1. 1 

. 1 

9. 9 

0. 0 

3. 2 

, 1 

138. 9 

. 1 

170. 8 

full out" 

+ l.Og 

. 35 

42. 2 

27, 2 

0 

+ 0. Ig 

. 3 5 

9 . 9 

1.8 

0. 0 

- 0. Ig 

. 35 

24.9 

3 . 7 

0. 0 

+ 16. 25g 

. 35 

0 

-16. 25g 

. 35 

0 

stop. 

qu i rements 

• ^ 
74.4 

50. 6 

0 

• ^ 
17. 3 

6 . 5 

0. 0 

. 6 

43. 9 

15. 2 

0. 0 

, 6 

0 

. 6 

0 

l't)UM 7 1 0 1' RI'.'V. « - ( ) ' » 
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B . A c t u a t o r D e s i g n R e q u i r e m e n t s 

The e x p e c t e d g r o u n d t e s t , l a u n c h and flight o p e r a t i o n a l e n v i r o n 

m e n t s and t o r q u e r e q u i r e m e n t s w e r e e v a l u a t e d to s e l e c t the d e s i g n r e q u i r e 

m e n t s l i s t e d b e l o w . The t o r q u e s l i s t e d i n c l u d e a p p r o x i m a t e l y 30% d e s i g n 

m a r g i n above the m a x i m u m e x p e c t e d v a l u e s . 

Envi r o n m e n t a l 

Non o p e r a t i n g (Launch) 

T e m p e r a t u r e 

P r e s s u r e 

A c c e l e r a t i o n : 

Shock 

V i b r a t i o n 

O p e r a t i o n a l 

T e m p e r a t u r e 

T h e r m a l C y c l e s 

P r e s s u r e 

IRRADIATION (TOTAL) 

P e r f o r m a n c e 

Output s t ep s i z e 

S tepp ing t o r q u e ( s t e p / s e c ) 

S c r a m t o r q u e (6 R P M ) 

B r a k e t o r q u e (holding) 

L i f e t i m e 

H o u r s 

T h e r m a l c y c l e s 

O p e r a t i o n a l c y c l e s 
( s t ep o r scrann r a t e ) 

I n t e r f a c e 

E n v e l o p e 

E l e c t r i c a l 

Mcichanica l 

S C F - 130°F 

Sea l e v e l to 10 T o r r 

A x i a l L a t e r a l 

7. 5 

1,0 

16. 25 ' 

None 

2. 0 

1. 25 

. 6 2 5 

any 
. combi 

n a t i o n 

To be d e t e r m i n e d (effects ex
p e c t e d to be l e s s than 
a c c e l e r a t i o n ) 

5 0 ° F - 8 0 0 ° F 

-^ 1 5 F / m i n u t e 
- 5 

1 X 10 T o r r m a x 

1 X 10^^ NVT (. 1 Mev) 

5 X 10^^ RAD 

7. 2° (4 p u l s e s of 1.8° e ach ) 

100 o z - i n . m i n i i n u m 

70 o z - i n , m i n i m u m 

180 o z - i n , m i n i m u m 

44, 000 m i n i m u m 

50 o v e r the t e m p r a n g e 

50, 000 s t e p s in e a c h d i r e c t i o n 

A p p r o x 5. 0 dia by 4. 0 l ong 

A d a p t a b l e to h a r d c a l e s 

I n t e g r a l 2. 78 r e d u c t i o n g e a r 

l-'ORM 7 1 ! ) - KI'lV. « - ( i O 
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V. P R O T O T Y P E A C T U A T O R DESIGN 
I 

I 

The des ign of the p r o t o t y p e a c t u a t o r to m e e t the d e s i g n r e q u i r e 

m e n t s i s show^n on F i g u r e 5. The d e s i g n t o r q u e v a l u e s a r e a s fo l lows : 

S tepp ing t o r q u e 

S c r a m t o r q u e 

B r a k e t o r q u e 

107 o z - i n . 

80 o z - i n . (at 6 R P M ) 

225 o z - i n . 

VL DESIGN ANALYSIS 

A. M e c h a n i c a l C a l c u l a t i o n s 

M e c h a n i c a l l o a d s for s t r e s s a n a l y s i s w e r e b a s e d upon the 

c o i n b i n a t i o n of the m a x i m u m a x i a l l o a d of 16. 25g, and the m a x i m u m 

l a t e r a l l o a d of 2. Og, w^hile the b r a k e i s l o a d e d to 18 0 o z - i n . t o r s i o n a l 

l oad . 

M a x i m u m s t r e s s and d e s i g n f a c t o r 

I 
I 

R o t o r p i n i o n 

R o t o r shaf t 

I Moun t ing end b e l l 

B r a k e t e e t h 

B r a k e di s c s 

B e l l o w s ( T o r s i o n ) 

B e a r i n g s 

T-> . r . • Yie ld S t r e s s 
U e s i c n l a c t o r i s —r r-rr, 

L o a d S t r e s s 

Str e s s 

10. 680 

2, 134 

7 28 

1,512 

73 

26, 500 

1 7 , 0 0 0 

P S I D e s i g n F a c t o r 

2 . 7 5 

17. 74 

5 3 . 9 5 

2 5 . 4 5 

547 

5. 23 

. 4 7 * 

'•Tdentical to S8DR - a l l o t h e r v a l u e s b e t t e r than S8 DR 

FORM 7 1 0 - 1 ' RMV. H-O'J 
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Mater ia l 

1. 

t 
r 

the 

capabi l i t ies for design factor calculat ions a r e as follows: 

Yield St ress Yield S t ress 
Ambient 800F 

Hiperco 27 40,000 30,000 

Inconel 718 165,000 155,000 

Carbon Bear ings 

Compres s ive 25,000 25,000 

The only exception to the above s t r e s s e s as w o r s t case under 

a s sumed g-loading is the bel lows. When the bellows is compres sed 

during th 

s t r esses 

e stepping sequence, the bending s t r e s s e s exceed the to rs iona l 

occur r ing during launch as follows: 1 

S t r e s s PSI 

40, 000 

Design Fac to r 

3. 13 

B . 

Bellows (flexing) 

E lec t romagne t ic Calculat ions 

All values of e lec t romagnet ic calculat ions a r e s imi la r to the 

S8DR va lues . The final se lected c u r r e n t densi t ies a r e ident ical to the 

S8DR c u r r e n t dens i t i e s . 

1. Stepper Motor 

Equivalent stat ic torque to mee t ra t ing 

Stepping 160 oz-in. -j-^ = 160 

Scram 
(6 RPM Derating 

148 oz - in . r 70 _ ] 
= , 75) L 63x, 75 J 

Ampere Turns (NI) 

Gap 412 

Pole 37 

Sliell 64 

I'ORM 7J i)- i> RKV. H-G<) 
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1 1 
1 1 

1 
1 1 

i 

1 1 
I 

1 

2. 

1 1 

r 

, 

Teeth 
Rotor 

Total 

Saturation Fac 

7 

8 

528 

tor 1. 28 

Coil and Connections calculat ions 

T u r n s / C o i l 

Wire size 

96 
No, 24 AWG oxalloy 

Input phase c u r r e n t 5. 5 a m p e r e s 

Connection 

Conductor c u r r e n t 

density 

Resul tan t calculate 

Static torque 

2 pa ra l l e l co i l s /phase 

8, 666 a m p e r e s / i n 

d torque 

170 oz-in. 

Low speed stepping 107 oz-in. 

Scram (6 RPM) 

Flux dens i t ies 

Gap 

Pole 

Rotor 

Shell 

Actuator Brake 

Magnetic Pul l 

Spring load 

Spring ra te 

Magnetic gap 

Ampere turns (NI) 

Inner gap 

80 oz- in 

82. 2 KL/ in^ 

81 , 7 KL/ in^ 

4 6 . 4 KL/ in^ 

65. 0 KL/ in^ 

5. 0 Ib /min 

2. 5 lbs (225 oz- in at ^ = 

75 lbs / inch 

0. 070 inch 

136.0 

0. 1) 

FORM 7 J 0 - 1 ' RKV. H-C.) 
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ii 

1 Inner pole 

Core 

1 Back plate 
Shell 

1 Outer pole 
ii Outer gap 

A r m a t u r e 
1 i ' 

'' Total 

Saturation 
factor 

Coil and Connection 

T u r n s / C o i l 

Wire size 

Brake Input 
c u r r e n t 

Connection 

1. 8 

12.7 

6. 3 

7. 1 

1. 3 

118.0 

3. 6 

286. 8 

1. 13 • 

Calculat ions 

330 

No. 24 AWG oxalloy 

. 869 a m p e r e s 

single coil 

Conductor c u r r e n t 

density 2743 a m p e r e s / i n 

Resul tan t magnet ic 

pull 

Flux densi t ies 

Inner gap 

Inner pole 

Core 

Back plate 

Shell 

Outer pole 

Outer gap 

A r m a t u r e 

See F igure 6 

6, 2 KL/ in 

35.8 KL/ in 

26. 5 KL/ in 

46. 8 KL/ in 

9, 6 KL/in 

20.8 KL/in 

5.4 KL/ in 

24. 2 KL/in 

FORM / l o r RKV. K-r,') 
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