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DESIGN AND DEVELOPMENT REPORT ON 
TREAT CONTROL ROD DRIVE II 

by 

R. V. Batch 

I. INTRODUCTION 

The control rod d r ives init ially designed for the TREAT reac tor 
were the product of an ea r ly development p r o g r a m . Though the dr ives 
lacked some of the design r equ i r emen t s n e c e s s a r y in the TREAT tes t 
p r o g r a m , they were t e m p o r a r i l y insta l led to permi t p re l imina ry reac tor 
operat ion while a final dr ive was being designed and tes ted. The d e s c r i p ­
tion and operat ing c h a r a c t e r i s t i c s of these initial dr ives a re d iscussed 
in the TREAT s u m m a r y repor t , ANL-6034.* 

This repor t is a documentation of the development of TREAT 
control rod dr ive II. More specifically, it desc r ibes the basic design, the 
p rob lems involved with this design, and the various methods pursued in 
a r r iv ing at the final d r ive . The development and tes t p rogram was con­
ducted in the Reactor Engineering Division. Fabr ica t ion of the prototype 
and final d r ives was , for the most par t , performed in the Labora tory shops. 

The new control rod dr ives were instal led in the TREAT reac tor 
in Apri l , I960, and have been performing sat isfactor i ly since that date . 

II. DESIGN REQUIREMENTS AND BASIC DRIVE DESCRIPTION 

A. Control Rod Drive Requi rements 

One of the purposes of the TREAT reac tor is to evaluate reac to r 
fuels and m a t e r i a l s under conditions simulat ing various types of nuclear 
excurs ions . This p r o g r a m r e q u i r e s a grea t degree of versa t i l i ty in the 
control rod dr ive sys t em, since the nuclear excurs ions a re initiated by 
the rapid inser t ion of t rans ien t rods or rapid removal of control rods . To 
be adaptable, the control rod d r ives were requi red to meet the following 
specif icat ions: 

1. Dr ives a re to be instal led below the r eac to r . 

2. Control rods a re to be actuated upward out of the core to p r o ­
vide for a downward inser t ion or s c r a m . 

*G. A. Freund et a l . , Design Summary Report on the Trans ient Reactor 
Test Faci l i ty TREAT, ANL-6034 (June I960). 



3. Rods must s c r a m from any ra i sed position and must be p r o ­
vided with an adjustable means of regulating s c r a m speed 
down to the min imum drop t ime of 100 m s e c for the cen t ra l 
122 cm of s t roke . 

4. Rod t r ave l is to be 153 cnn (60 in.) . 

5. Two rod actuating speeds , up or down, a re to be avai lable . 
These a r e to be approximate ly 50 c m / m i n or 17 c m / m i n . 

6. Remote actuation and positioning a re requ i red . 

7. Operat ion is to be fa i l -safe , i .e . , react iv i ty is to be removed 
on loss of power . 

8. Each drive is to actuate two control rods on ei ther 28.8-cm 
or 22.7-cm c e n t e r s . 

9. Provis ion is to be made on al l d r ives for a s sembly of a t rans ien t 
safety latch which would prevent control rod s c r a m in the event 
of power fa i lure . The latch would be assembled to those dr ives 
which actuate t r ans ien t rods . 

10. The t rans ien t safety la tches mus t be remote ly operated and 
there nnust be visual indication of latch posit ion. 

11. The maximum overa l l height of the dr ive is to be l e s s than 
4.0 m e t e r s . 

12. Dr ives a r e to be adaptable to e i ther selsyn or po ten t iometer -
type posit ion ind ica to r s . Visual indication of rod fully up or 
down is to be provided. 

13. Complete in terchangeabi l i ty of d r ives is requ i red . 

14. The maximum c r o s s - s e c t i o n a l dimensions of dr ive a r e to be 
de te rmined by es tabl ished control rod placement in c o r e . 

15. The maximum cu r r en t r equ i rement for control la tches and 
actuating switches is to be l e s s than five a m p e r e s . 

B. Design P r o c e d u r e 

The approach to a suitable design was mainly influenced by the 
condition that a var iable s c r a m speed was n e c e s s a r y and, fur ther , that the 
fas tes t s c r a m should approach a min imum t ime of 100 m s e c for the cen t ra l 
122 cm of t r ave l . To achieve the flexibility of producing readi ly adjustable 
forces at a r b i t r a r y rod posi t ions , a i r control appeared to be the most con­
venient and p rac t i ca l method. 

On the bas i s of using an a i r cyl inder for rapid inse r t ion of the rods , 
c o m m e r c i a l cylinder manufac tu re r s were contacted in an effort to obtain 
essent ia l ly s tandard equipment for the applicat ion. The use of s tandard 



e q u i p m e n t p r o v i d e d the a d v a n t a g e s of r e d u c e d in i t i a l equ ipmen t c o s t s p lus 
the i m m e d i a t e a v a i l a b i l i t y of p a r t s for r e p l a c e m e n t . A p n e u m a t i c c y l i n d e r 
and h y d r a u l i c shock a b s o r b e r c o m b i n a t i o n was p r o p o s e d by one m a n u f a c ­
t u r e r , b a s e d on t h e i r d e s i g n and c o n s t r u c t i o n . It was a round t h i s uni t t ha t 
the r e m a i n d e r of the d r i v e was d e s i g n e d . 

C. D e s c r i p t i o n of B a s i c D r i v e 

The d r i v e , a s i n i t i a l l y d e s i g n e d , is shown in F i g . 1. It is b a s i c a l l y 
a p n e u m a t i c - a c c e l e r a t e d fas t s c r a m c y l i n d e r combined with a m o t o r - d r i v e n 
l ead s c r e w m e c h a n i s m for r e - l a t c h i n g and i n t e r m e d i a t e pos i t i on ing . A 
m a g n e t i c l a t ch ho lds and r e l e a s e s the c o n t r o l r o d s as r e q u i r e d . The d r i v e 
is d e s i g n e d to o p e r a t e at a m a x i m u m c y l i n d e r loading of 34 a t m . 
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1. P n e u m a t i c A c t u a t o r - H y d r a u l i c Shock A b s o r b e r 

The a c t u a t o r - s h o c k a b s o r b e r uni t is shown in F i g . 2. The unit 
c o n s i s t s of an o p e n - b o t t o m a i r c y l i n d e r m e c h a n i c a l l y f a s t e n e d to a h y ­
d r a u l i c shock a b s o r b e r . The r o d end of the c y l i n d e r is connec t ed t h r o u g h 
man i fo lds to a s y s t e m a c c u m u l a t o r which m a i n t a i n s the n e c e s s a r y f i r ing 
p r e s s u r e in the c y l i n d e r r e g a r d l e s s of rod p o s i t i o n . The p i s t o n rod i s 
i n t e r n a l l y t h r e a d e d for a t t a c h m e n t to the m a g n e t a r m a t u r e and c o n t r o l 
rod yoke . D y n a m i c s e a l s p r e v e n t l o s s of c y l i n d e r p r e s s u r e with rod 
m o v e m e n t . 

F I G . 2 

PNEUMATIC CYLINDER WITH HYDRAULIC SHOCK ABSORBER 

The h y d r a u l i c shock a b s o r b e r i s a c o n s t a n t - p r e s s u r e - t y p e 
a b s o r b e r which o p e r a t e s on a v a r i a b l e f l u i d - d i s c h a r g e p r i n c i p l e . The 
p l u n g e r , with a f ixed o r i f i c e at the b o t t o m , i s p a s s e d o v e r a t a p e r e d 
m e t e r i n g rod such tha t the flow a r e a for the fluid be ing d i s p l a c e d by the 
p l u n g e r is con t inua l ly d e c r e a s i n g . When the p l u n g e r is fully d e p r e s s e d , 
the flow a r e a is e s s e n t i a l l y z e r o . Oil f lowing t h r o u g h the v a r y i n g o r i f i c e 
d i s s i p a t e s e n e r g y in a l i n e a r f a s h i o n . The d i s p l a c e d d a s h p o t o i l i s s t o r e d 
in a r e s e r v o i r a r o u n d the p r e s s u r e c h a m b e r . The r e s e r v o i r is kep t 
p r e s s u r i z e d to r e t u r n the p l u n g e r to i t s ex t ended pos i t i on when the c y l i n ­
d e r p i s t o n i s r a i s e d . 

The shock a b s o r b e r is f a s t e n e d to a r i g id s t and which, when 
bo l t ed to the f loor , p r o v i d e s s u p p o r t for the d r i v e a s s e m b l y . 

2. D r i v e M e c h a n i s m 

M o v e m e n t and pos i t i on ing of the c o n t r o l r o d s a r e a c c o m p l i s h e d 
by a p a i r of A c m e l ead s c r e w s which a r e d r i v e n t h r o u g h a se t of s p u r g e a r s 
by a j - h p , v e r t i c a l l y m o u n t e d g e a r h e a d m o t o r . Ro ta t ion of the l e a d s c r e w s 
i m p a r t s m o t i o n to the m a g n e t a s s e m b l y t h r o u g h a p a i r of b r o n z e nu t s 
a s s e m b l e d into the m a g n e t p l a t e . The n o r m a l r a t e of c o n t r o l rod t r a v e l 



i s 50.1 c m / m i n ; h o w e v e r , a s e t of change g e a r s is p r o v i d e d , which can be 
r e a d i l y a s s e m b l e d to p r o v i d e a pos i t i on ing speed of 1 7 c m / m i n . The l ead 
s c r e w s o p e r a t e t h r o u g h guide b u s h i n g s in the lower t i e p l a t e and a r e s u p ­
p o r t e d by t h r u s t b e a r i n g s in the u p p e r s u p p o r t p l a t e . 

3. Magne t i c L a t c h 

A m a g n e t i c l a t ch (see F i g . 3) was c h o s e n for c o n t r o l rod 
r e l e a s e b e c a u s e of i t s s i m p l i c i t y , r e p r o d u c i b i l i t y , and f r e e d o m f rom m e ­
c h a n i c a l m a l f u n c t i o n . 
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The funct ion of the l a t c h i s to p r o v i d e fas t d i s a s s e m b l y of the c o n t r o l r o d s 
f r o m the d r i v i n g m e c h a n i s m to ob t a in r a p i d i n s e r t i o n of p o i s o n in to the 
r e a c t o r c o r e . The l a t c h c o n s i s t s of an a r m a t u r e p l a t e and a m a g n e t p l a t e 
a s s e m b l y which c o n t a i n s the m a g n e t c o i l . The yoke , which s u p p o r t s t h e 
two c o n t r o l r o d s , i s f a s t e n e d to the a r m a t u r e p l a t e by m e a n s of the guide 
p in . The guide p in i s t h r e a d e d into the p i s t o n rod of the a i r c y l i n d e r so 
tha t d o w n w a r d m o t i o n of the p o i s o n r o d m u s t be a c c o m p a n i e d by d o w n w a r d 
m o t i o n of the c o n t r o l r o d s . T h i s a r r a n g e m e n t p r o v i d e s for a c c u r a t e p o s i ­
t i on ing , a s w e l l a s o f fe r ing an a x i a l l y app l i ed l a t ch ing f o r c e to e l i m i n a t e 
e c c e n t r i c bend ing f o r c e s on the c o n t r o l r o d s . 

To r e - l a t c h the m a g n e t a f t e r a s c r a m , t h e m a g n e t p l a t e i s 
d r i v e n down to c o n t a c t t he a r m a t u r e p l a t e b y r o t a t i o n of the l e a d s c r e w s . 
A c t u a l c o n t a c t b e t w e e n m a g n e t and a r m a t u r e i s p r e v e n t e d by n o n m a g n e t i c 
s t a i n l e s s s t e e l s t o p s wh ich m a i n t a i n a 0 . 0 2 5 - c m gap b e t w e e n t h e two c o m ­
p o n e n t s . The gap i s p r o v i d e d to a c c e l e r a t e the r e l e a s e of the a r m a t u r e 
once the m a g n e t co i l c u r r e n t i s i n t e r r u p t e d . With the m a g n e t p l a t e in the 
c o n t a c t p o s i t i o n , e n e r g i z i n g of the m a g n e t co i l m a g n e t i c a l l y c o u p l e s t h e 
a r m a t u r e to the m a g n e t p l a t e . When the e n e r g i z e d m a g n e t i s r a i s e d , t he 
a r m a t u r e , c o n t r o l r o d yoke , c o n t r o l r o d s , and p i s t o n r o d fol low a c c o r d i n g l y . 
I n t e r r u p t i o n of the co i l c u r r e n t a l l o w s the p r e s s u r i z e d p i s t o n r o d to r a p i d l y 
r e t r a c t t h e r o d s . 

4. T r a n s i e n t Safe ty L a t c h 

In add i t i on to c o n v e n t i o n a l c o n t r o l r o d s , t he T R E A T r e a c t o r i s 
p r o v i d e d with t r a n s i e n t r o d s , wh ich differ f r o m the c o n t r o l r o d s in t ha t the 
n e u t r o n - a b s o r b i n g p o i s o n i s p o s i t i o n e d to e n t e r the c o r e when t h e r o d i s 
d r i v e n u p w a r d . When the r o d s a r e s c r a m m e d , p o i s o n i s r e m o v e d f r o m the 
c o r e . With t h i s cond i t i on , i n s e r t i o n of t r a n s i e n t r o d s into the c o r e u n e x ­
p e c t e d l y due to m a g n e t o r p o w e r f a i l u r e cou ld be v e r y h a z a r d o u s . To p r e ­
vent s u c h u n c o n t r o l l e d i n s e r t i o n s of r e a c t i v i t y , a s p e c i a l l a t c h i s p r o v i d e d 
on a l l t r a n s i e n t d r i v e s to s e c u r e t h e t r a n s i e n t r o d s u n t i l r o d i n s e r t i o n i s 
so d e s i r e d . 

The t r a n s i e n t s a f e t y l a t c h , shown in F i g . 3, i s a d e t a c h a b l e 
a s s e m b l y m o u n t e d to t h e top of the m a g n e t p l a t e . The l a t c h b a s i c a l l y c o n ­
s i s t s of a s o l e n o i d , l a t c h p l a t e , and s p r i n g r e t u r n . When t h e m a g n e t p l a t e 
and a r m a t u r e a r e in the l a t c h e d p o s i t i o n , t he guide p in , wh ich i s f a s t e n e d 
to the c y l i n d e r p i s t o n r o d , e x t e n d s t h r o u g h a ho le above t h e t op f ace of the 
m a g n e t p l a t e . D e - e n e r g i z i n g t h e l a t c h s o l e n o i d a l l o w s the l a t c h p l a t e 
s p r i n g s to s l i d e the l a t c h p l a t e in to e n g a g e m e n t wi th a m a c h i n e d s lo t on 
the guide p i n . With the l a t c h p l a t e in p o s i t i o n , the gu ide p in canno t be w i t h ­
d r a w n shou ld the m a g n e t c i r c u i t o p e n . S ince the yoke and t r a n s i e n t r o d s 
a r e c o n t a i n e d by the gu ide p in , downw^ard m o t i o n i s c o n s t r a i n e d . To d e -
l a t c h t h e a s s e m b l y , t h e s o l e n o i d i s e n e r g i z e d to w i t h d r a w the l a t c h p l a t e 
f r o m t h e gu ide p in s l o t . 



5. C o n t r o l Rod Knuckle 

The c o n t r o l r o d s a r e connec t ed to the c o n t r o l rod yoke t h r o u g h 
s e l f - a l i g n i n g knuck le jo in t a s s e m b l i e s , a s shown in F i g . 4. E a c h knuckle 
jo in t a s s e m b l y c o n s i s t s of a m o n o b a l l b e a r i n g , a se t of t h r u s t w a s h e r s , and 
a s e r i e s of B e l l e v i l l e s p r i n g s . The m o n o b a l l b e a r i n g i s a l lowed l a t e r a l 
m o v e m e n t which, in add i t ion to i t s s p h e r i c a l ac t ion , i n s u r e s ax i a l a l i gn ­
m e n t of the c o n t r o l r o d . T h e B e l l e v i l l e w a s h e r s a r e i n s t a l l e d to a b s o r b ax ia l 
s h o c k s in bo th d i r e c t i o n s . 

CONTROL ROD 

BELLEVILLE 
SPRING WASHERS 

FIG. n 

CONTROL ROD KNUCKLE 

The knuck le hous ings a r e bo l ted to each end of the c o n t r o l rod 
yoke . S ince two p o s s i b l e c o n t r o l rod s p a c i n g s a r e r e q u i r e d , e a c h yoke is 
p r o v i d e d with two s e t s of moun t ing h o l e s . 

6. C o n t r o l Rod P o s i t i o n I n d i c a t o r s 

C o n t r o l rod d r i v e s No . 1 and No. 2 a r e u s e d for fine r e a c t i v i t y 
c o n t r o l and a c c o r d i n g l y a r e equipped with s e l s y n pos i t i on i n d i c a t o r s . The 
r e m a i n i n g d r i v e s a r e equ ipped with l e s s a c c u r a t e p o t e n t i o m e t e r - t y p e 
i n d i c a t o r s . 



Each position indicator is mounted in a compact subassembly 
to the lower tie plate of the dr ive and is dr iven d i rec t ly from the lead 
sc rew. Appropriate p rec i s ion gea r s in each posi t ion-indicator subassembly 
convert the lead sc rew rotat ion into des i r ed indicator rotat ion. 

III. TEST AND EVALUATION OF BASIC DRIVE 

A. Tes t P rocedure 

A prototype of the bas ic dr ive was fabricated and assembled in the 
tes t l abora to ry . Two mild s tee l b a r s , each 4.45 cm in d iameter and weighin 
31.8 kg, were threaded at one end to act as control rods . A s teel s t ruc tu re 
was e rec ted above the dr ive , and bear ing plates containing graphi tar guide 
bushings were positioned at appropr ia te heights to support the dummy rods . 
The dr ive and dummy rods were mounted to s imulate actual r eac to r mount­
ing condit ions. 

The f i rs t phase of the tes t was concerned p r i m a r i l y with the gen­
e ra l mechanica l operat ion of the d r ive . A ni trogen gas bottle was connected 
to the rod end of the pneumatic cylinder to provide the actuating force nec ­
e s s a r y for fast s c r a m s . The cylinder input p r e s s u r e was controlled by a 
regula tor at the ni t rogen bott le , and a bourdon tube p r e s s u r e gauge gave 
constant indication of cylinder p r e s s u r e . A solenoid-operated, four-way 
valve instal led between the gas bottle and the cylinder permi t ted exhaust ­
ing of the cylinder p r e s s u r e as r equ i red . 

The magnet power supply was assembled and mounted in a control 
panel nea r the d r ive . A var iac was placed in the rect i f ier input c i rcui t 
to provide a means of varying the magnet cu r ren t so that the holding 
c h a r a c t e r i s t i c s of the magnet could be studied. A toggle switch instal led 
in the rec t i f ie r output c i rcui t between the magnet coil and the rec t i f ie r 
served as the rod s c r a m switch. 

The f i r s t p rocedure was to cycle the dr ive through i ts r equ i red 
t r ave l by means of the dr ive motor so as to visual ly check the overa l l 
operat ion and to set all l imit and indicating switches p rope r ly . When all 
adjustments were completed, the dr ive was operated through a s e r i e s of 
rod d rops , s ta r t ing with no gas p r e s s u r e in the cylinder and inc reas ing 
in 3.4-atm inc remen t s to a maximum loading of 13.6 a tm. To provide a 
visual r e co rd of rod motion and dashpot react ion, a s e r i e s of h igh-speed 
motion p ic tu res were taken at each p r e s s u r e in te rva l . 

The holding c h a r a c t e r i s t i c s of the magnet were de te rmined by an 
observat ion of the min imum c u r r e n t s n e c e s s a r y to support the control rod 
a s sembly at given p r e s s u r e loadings . The procedure was to lift an applied 
load magnet ica l ly to a given height and then, by means of the v a r i a c , slowly 



d e c r e a s e the rect i f ier input cu r r en t until the a rma tu re fell away from the 
magnet . The rec t i f ie r cur ren t at each breakaway was recorded by a c i rcui t 
a m m e t e r . Cur ren t readings were taken at 3.4-atm intervals up to the max­
imum loading of 13.6 a tm. 

The t r ans ien t safety latch was operated through a s e r i e s of latchings 
and de- la tchings and through a cycle of s imulated magnet fa i lures at s i m i ­
lar p r e s s u r e loadings as used in the previous t e s t s . Latch per formance 
and solenoid cu r r en t r equ i r emen t s were carefully noted at each loading. 

The t e s t was discontinued at this point to review and evaluate the 
init ial r e s u l t s . 

B. Evaluation of Test Resul ts 

The bas ic dr ive , though designed to operate at a cylinder p r e s s u r e 
of 34 a tm, was not tes ted beyond 13.6 atm because it became apparent ea r ly 
in the rod drop t e s t s that the segrega ted design of the ac tua tor -shock ab­
so rbe r unit (see F ig . 2) was not acceptable . The effect produced by the 
piston rod, moving at high speed, s t r ik ing the s ta t ionary s teel plunger to 
init iate cushioning action was not d e s i r a b l e . The noise at impact was in­
tense , approaching the deafening level at the higher s c r a m p r e s s u r e s . In 
addition to the noise , the dashpot did not function as the supplier had 
specified. The dashpot was to have diss ipated the kinetic energy of the 
piston rod at a l inear ra te over a 33-cm effective length. The high-speed 
movies indicated that the piston rod came to an abrupt stop within 3 cm 
of t r ave l , after which it slowly set t led the remaining 30 cm. The excess ive 
impact forces produced by the sudden stoppage were evidenced by s t r e s s 
c racks in the threaded port ion of the piston rod and by the deformation of 
the control rod yoke. The dashpot plunger , however, at this point showed 
no evidence of damage from the impact fo rces . 

The cu r r en t r equ i r emen t s for holding by the magnet were d e t e r ­
mined to a 13.6-atm loading. Extrapolat ion of the data obtained gave 
indication that a cu r r en t of approximate ly 5 amp would be n e c e s s a r y to lift 
the rods with 34 atm of gas applied to the cylinder piston. 

Examinat ion of the t r ans i en t safety latch showed no indication of 
fai lure or wear . Throughout the l imited tes t , the latch had performed to 
sat isfact ion without hes i ta t ion . There was, however, an undes i rable a s ­
sembly problem which demanded c r i t i ca l adjustment of the guide pin. It 
was n e c e s s a r y to locate the guide pin ve ry accura te ly to insure proper 
latch plate engagement and to provide pin engagement with a minimum 
amount of axial c l e a r ance . An excess ive c learance would resu l t in la rge 
impact forces which could f rac tu re the guide pin should the magnet power 
ever fail. If, however, too l i t t le c l ea rance was provided, the frict ion of the 
pin against the latch plate was grea t enough to cause an excess ive s tar t ing 
cu r r en t through the solenoid for latch plate withdrawal . 



The r ema inde r of the dr ive was d i sassembled and visually examined 
for deformation or wear . The only component to show indication of exces ­
sive use was the monoball bear ing in the knuckle joint a s sembly . The 
bear ing , when init ial ly assembled , had contained no l a t e ra l c lea rance , 
movement of the bal l being r e s t r i c t e d to rotat ional movement only. After 
the t es t , a ve ry slight amount of axial ball movement was poss ib le . Close 
m e a s u r e m e n t of the bear ing indicated that the lower portion of the ball 
race had inc reased slightly in d i ame te r . The ball r ace was fabricated 
from an unhardened alloy s teel , and flow had taken place under the ex­
cess ive impact loads caused by the imprope r ly functioning dashpot. 

IV. BASIC DRIVE MODIFICATION 

A. Actuating and Shock Absorbing Cylinder 

The major design change requ i red with the dr ive was bas ica l ly 
concerned with the method of dece lera t ing the r o d s . Originally, it had been 
planned to use commerc i a l l y available components for the actuating and 
shock-absorbing cyl inder , but it was apparent from the tes t that , to meet 
our r e q u i r e m e n t s , a special unit would have to be designed. 

Before finalizing on a design, manufac tu re r s of pneumatic cyl inders 
were again contacted to find those in te res ted in fabricating a unit of our 
design. Only one company expressed in t e re s t in the job, so the cylinder 
was designed around thei r type of construct ion, using as many s tandard 
pa r t s as poss ib le . The redes igned unit is shown in F ig . 5. The hydraulic 
dashpot on this unit is r igidly fastened to the bottom of the actuating 
cyl inder . The inside of the dashpot housing is lined with a t apered bronze 
sleeve which d e c r e a s e s in in terna l d iamete r from top to bot tom. The 
dashpot plunger , which is an in tegra l pa r t of the piston rod, is a concentr ic 
s tee l m e m b e r with a bul le t -shaped nose . When the control rod is r e l eased , 
acce le ra t ion continues until the dashpot plunger en te r s the oil sea l at the 
en t rance to the dashpot chamber . As the plunger moves through the dash-
pot, the displaced oil from underneath the plunger mus t pass through a 
continually dec reas ing annular a r e a between the plunger and s leeve . The 
degree of s leeve taper is designed to produce a constant dashpot p r e s s u r e 
at maximum loading and, consequently, a constant dece lera t ion fo rce . The 
rad ia l c l ea rance between the plunger and s leeve v a r i e s from 0.08 cm to 
0.00 7 cm through the dashpot length of 15 c m . The dashpot oil d isplaced 
by en t ry of the plunger is s tored in a surge r e s e r v o i r connected to the top 
of the dashpot housing. Gravi ty and expansion of r e s e r v o i r a i r r e t u r n the 
dashpot oil to the chamber when the plunger is withdrawn. 
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ACTUATING AND SHOCK ABSORBING CYLINDER 

To eliminate the need for external accumulators and large supply 
manifolds as required on the initial cylinder, a concentric tube was placed 
around the actuating cylinder to act as an accumulator . The self-contained 
accumulator s to res a volume of a i r in excess of the volume of air displaced 
by the working piston. The accumulator is connected to the actuating cyl­
inder by a se r i e s of large orifices at the rod end of the cylinder. Air is 
supplied to the cyl inders through a smal l line from system c o m p r e s s o r s . 
C o m p r e s s o r s were instal led in the p ressur iza t ion circuit to eliminate the 
need for the init ially used nitrogen bot t les . (See TREAT summary 
repor t , ANL-6034). 



B. Magnet 

The holding-current requi rements of the initially proposed magnet 
indicated that a s t ronger magnet would be more versa t i le and des i rab le . 
To provide a s t ronger magnet, it was neces sa ry to change to a rectangu­
lar coil design, since the l a rges t possible c i rcu la r coil that could be 
assembled between the control rods had a l ready been used. The new 
magnet (see Fig . 6) was designed to lift 3200 kg with a cur ren t flow of 
3 amp; a 0.025-cm air gap existed between the magnet plate and a r m a t u r e . 
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The magnet coil , consist ing of 750 turns of No. 20 magnet wire , was bonded 
to the inner pole piece with epoxy r e s in . The pole pieces were held to the 
magnet plate by nonmagnetic s ta in less s tee l cap s c r ews , which also served 
to produce the 0.025-cm ai r gap. Nonmagnetic sc rews were used to prevent 
a d i rec t magnet ic path between magnet plate and a r m a t u r e . 

A prototype magnet was fabricated and tes ted to de termine the 
lifting cu r r en t r e q u i r e m e n t s , the t ime delay before a r m a t u r e r e l ea se , and 
the evenness of a r m a t u r e r e l e a s e . A Sanborn two-pen r eco rde r was used 
to char t the t ime in terva l between the in ter rupt ion of magnet cur ren t and 
the actual beginning of a r m a t u r e movement . In operation, the actuation of 
the s c r a m switch closed the Sanborn c i rcu i t to produce a pen deflection. 
A sens i t ive , p rec i s ion snapswitch in contact with the control rod yoke 
in te r rupted the Sanborn c i rcui t when downward motion began. Delay- t ime 
data were recorded at p r e s s u r e in te rva l s of 6.8 atm up to the maximum 
loading of 34 a tm. At each p r e s s u r e in terva l , data were obtained for m o r e 
than one magnet-holding cu r r en t . The re su l t s a r e tabulated in Table I. 
The minimum holding cu r ren t r equ i red at 34 atm was found to be 1.1 amp. 

Table I 

DELAY TIME OF MODIFIED MAGNET 

P r e s s u r e , 
a tm 

F r e e Fa l l 

6.8 

1 

13.6 

20.4 

27.2 

34 

Magnet 
Cur ren t , 

amp 

0.1 
1.5 
0.4 
1.1 
1.5 
0.6 
1.1 
1.5 
0.8 
1.1 
1.5 
0.95 
1.0 
1.5 
1.2 
1.5 

Delay 
Time, 
m s e c 

300 
1542 

57 
350 
422 

36 
147 
190 

27 
72 
89 
18 
23 
42 
16 
20 



High-speed photography was used to observe the a r m a t u r e b reak ­
away from the magnet . The fi lms indicated that the a r m a t u r e did not 
leave the magnet face evenly, but had a tendency to hold on to one s ide. 
Since this type of r e l e a se is typical of magnets with two magnet ic surfaces 
in contact, the init ial ly nonmagnetic sc rews were checked and found to 
have become magnet ic from exposure to the magnet flux. The magnet ic 
sc rews were removed and a s e r i e s of t e s t s were made to de te rmine the 
best insulating m a t e r i a l and thickness that could readi ly be adapted to the 
magnet to produce a min imum delay t ime without producing an excess ive 
i nc rease in magnet c u r r e n t . Thin sheets of varying th icknesses of copper , 
b r a s s , and nonmagnetic s ta in less s tee l were cut to the shape of the a r m a ­
ture and used as s e p a r a t o r s between the magnet and a r m a t u r e . Some 
sheets were completely solid, whereas o the rs were perforated in an effort 
to compare the effect of each. Resul ts of the t e s t s a re shown in Table II. 

The r e su l t s indicated that a 0 .033-cm perfora ted b r a s s shim had 
yielded the shor tes t delay t i m e s . Since the perfora ted sheet was p r e f e r ­
able to a solid sheet , a th i rd sheet was made in the form of a 1.27-cm-
wide s t r i p of b r a s s that fitted the outer pe r iphe ry of the a r m a t u r e but left 
the center complete ly open. Delay t imes produced with this hollow sheet 
were comparable with the t imes produced by the solid sheet , but were not 
as shor t as those from the per fora ted sheet . The tes t r e su l t showing that 
the perfora ted sheet gave shor t e r delay t imes than the a lmost complete 
a i r gap was not expected. The laminated effect of the gap available when 
using the perfora ted sheet obviously diss ipated the flux field or res idua l 
magne t i sm at a fas ter ra te than e i ther the solid insulator or essen t ia l ly 
solid a i r gap. 

Based on the above findings, a braz ing to rch was used to deposit 
0 .63-cm rows of b r a s s on the a r m a t u r e plate in a checke r -boa rd pa t te rn . 
The b r a s s surface was then ground pa ra l l e l to the a r m a t u r e face, leaving 
a 0 .033-cm-high c ro s s -ha t ched pa t t e rn to provide the flux gap. The m a g ­
net plate and pole segments were fastened together with shor t carbon s teel 
s c rews instead of the longer nonmagnetic sc rews init ial ly used. 

C. Trans ien t Safety Latch 

The operat ion of the t r ans ien t safety latch had indicated that, s ince 
the available cu r r en t was l imited, the el iminat ion of a solenoid-powered 
actuating force would provide a m o r e re l iable and ve r sa t i l e la tch. Since 
adequate air was available at the d r ive , an a i r - cy l inde r -powered latch was 
designed. The new latch was designed automat ica l ly to take up any axial 
c lea rance between the latch and guide pin to el iminate the need for c r i t i ca l 
pin adjustment . 



Table n 

MAGNET DELAY TIMES WITH BRASS COPPER AND STAINLESS STEEL SEPARATORS 

Pressure 
atm 

Free Fall 

Free Fall 

Free Fall 

Free Fall 

Free Fall 

Free Fall 

Free Fall 

68 

68 

68 

68 

68 

68 

68 

68 

13 6 

13 6 

13 6 

13 6 

13 6 

13 6 

13 6 

13 6 

20 4 

20 4 

20 4 

20 4 

20 4 

20 4 

20 4 

27 2 

27 2 

27 2 

27 2 

27 2 

27 2 

27 2 

340 

340 

340 

340 

34 0 

34 0 

34 0 

Material 

Brass 

Brass 

Copper 

Brass 

Copper 

Brass 

Brass 

Brass 

Brass 

Copper 

Copper 

Brass 

Brass 

Brass 

Brass 

Brass 

Brass 

Copper 

Copper 

Brass 

Brass 

Brass 

Brass 

Brass 

Copper 

Copper 

Brass 

Brass 

Brass 

Stainless Steel 

Brass 

Copper 

Copper 

Brass 

Brass 

Brass 

Stainless Steel 

Brass 

Copper 

Copper 

Brass 

Brass 

Brass 

Stainless Steel 

Sheet Type 

Solid 

Holes 

Solid 

Solid 

Solid 

Solid 

Solid 

Solid 

Holes 

Solid 

Solid 

Solid 

Solid 

Solid 

Holes 

Solid 

Holes 

Solid 

Solid 

Solid 

Holes 

Solid 

Holes 

Solid 

Solid 

Solid 

Solid 

Solid 

Holes 

Solid 

Solid 

Solid 

Solid 

Solid 

Solid 

Holes 

Solid 

Solid 

Solid 

Solid 

Solid 

Solid 

Holes 

Solid 

Sheet Thickness 
cm 

0 025 

0 025 

0 025 

0 025 

0 025 

0 033 

0 036 

0 025 

0 025 

0 025 

0 025 

0 025 

0 036 

0 036 

0 036 

0 025 

0 025 

0 025 

0 025 

0 025 

0 025 

0 036 

0 036 

0 025 

0 025 

0 025 

0 025 

0 033 

0 033 

0 033 

0 025 

0 025 

0 025 

0 025 

0 033 

0 033 

0 033 

0 025 

0 025 

0 025 

0 025 

0 033 

0 033 

0 033 

Magnet Current 
amp 

02 

02 

02 

15 

15 

02 

02 

05 

05 

05 

11 

11 

06 

10 

10 

07 

07 

07 

11 

11 

11 

10 

10 

08 

08 

15 

15 

10 

10 

10 

10 

10 

15 

15 

15 

15 

15 

12 

12 

15 

15 

16 

16 

16 

Average Delay 
Time msec 

195 

107 

425 

905 

1240 

73 

120 

65 

40 

107 

320 

255 

34 

88 

54 

37 

30 

39 

119 

106 

94 

29 

17 

27 

30 

84 

57 

18 

18 

29 

10 

21 

52 

29 

15 

15 

30 

10 

14 

23 

15 

12 

12 

16 



The latch assembly schemat ica l ly i l lus t ra ted in F ig . 7 is shown in 
the de- la tch posit ion. The t rans ien t safety latch is assembled to the top 
of the magnet plate by means of mounting lugs which locate the latch slide 
mechanism over the guide pin hole. When the magnet is driven down to 
engage the a r m a t u r e , the guide pin moves up through the magnet plate and 
latch slide mechanism to contact the latch cam pin. Fu r the r motion of the 
guide pin causes the cam pin and, subsequently, the slide stop cam, which 
is in tegral with the cam pin, to pivot about the cam pin shaft. When the 
magnet is in the latch position, the stop cam has rotated past its c re s t , 
allowing the compress ion spring to drive the slide mechanism forward 
until the latch block engages the undercut portion of the guide pin. After 
the latch block has engaged the undercut portion of the guide pin, the slide 
mechanism continues its forward motion and resu l t s in the ra is ing of the 
latch block, which is supported on a pair of inclined ways, until it contacts 
the head of the guide pin. In this position, all c learance between guide pin 
and latch has been removed. With the guide pin latched, the t rans ien t rods 
cannot be s c r a m m e d by loss of power. 

t J i 

FIG. 7 
TRANSIENT SAFETY LATCH ASSEMBLY 



To unlatch the assembly , a solenoid which actuates a smal l air 
valve is energized to allow a i r to flow into the head end of the air cylinder. 
The air p r e s s u r e ove rcomes the force of the compress ion spr ing and r e ­
t r a c t s the slide mechan ism to its initial posit ion. The latch block extension 
spr ings r e tu rn the latch block to i ts posit ion at the bottom of the inclined 
ways. When the control rods a re s c r a m m e d , the guide pin vacates the slide 
mechan i sm, allowing the cam pin and stop cam to fall into the lock posit ion. 
When the solenoid is de-energ ized , exhausting the air from the head end of 
the cyl inder , the sl ide is re ta ined in i ts "cocked" position by the cam stop. 
In this posit ion, the latch block is again ready to engage the guide pin. 

A cam shaft operated by the latch block actuates two snap switches 
to give remote indication of posit ion of the latch block. A third snap switch 
opera ted by the cam pin gives remote indication that the a r m a t u r e is in 
posit ion to be magnet ica l ly latched to the lead sc rew dr ive . 

D. Control Rod Knuckle 

A hardened alloy s tee l , cup-type, r ace re ta iner was made to enclose 
the monoball to e l iminate the poss ibi l i ty of elongation of the ball r a c e . A 
pair of hardened r e t a ine r monoball a s sembl i e s were subjected to impact 
loads for a 1500-cycle t es t per iod at maximum load condit ions. No defor­
mat ion of any type was detectable , and movement of the monoball was as 
init ial ly ins ta l led. 

E. Guide Pin 

The method of guide pin a s sembly was changed to insure a more 
fai l -safe design. Initially, the guide pin was threaded into the cylinder 
piston rod and passed through c lea rance holes in the magnet plate , a r m a ­
t u r e , and yoke. With this design, the guide pin c a r r i e d the piston load at 
all t i m e s so that, even with the magnet coupled, pin failure could drop the 
r o d s . 

In the r e - d e s i g n (see F ig , 6), the a r m a t u r e was fitted with a threaded 
bushing to contain and locate the guide pin. The yoke was r e - b o r e d and 
fitted with a bronze guide bushing so that the guide pin, though threaded 
into the a r m a t u r e , would be guided by the yoke assembly . The pin was 
guided in the yoke to s tabi l ize the a r m a t u r e in event of fai lure of one of 
the spr ings support ing the a r m a t u r e . 

Two l a rge , socket -head cap s c r e w s were provided to hold the yoke 
a s sembly to the a r m a t u r e . These cap s c r e w s a r e threaded into the yoke 
and re ta ined with lock washe r s and set s c rews to prevent movement . The 
sc r ews allow the a r m a t u r e to float axial ly on the compress ion spr ings 
when in the unlatched posi t ion. 



V. TEST AND PERFORMANCE CHARACTERISTICS OF 
THE FINAL DRIVE 

A. Descr ip t ion of F ina l Drive 

The or iginal prototype was modified as d iscussed in the previous 
section and completely assembled for final t e s t . The fully assembled 
dr ive is shown in F ig . 8. 

The opera t ion of the final dr ive is essent ia l ly the same as that of 
the prototype with the exception of that of the t rans ien t safety latch, which 
has a l ready been d i scussed . The dr ive is supported at the base by a s e r i e s 
of floor bolts extending through the flange of the dashpot housing. Oil level 
in the dashpot is indicated by the stand pipe and shutoff valve a s sembly at 
the base of the housing. With the dashpot plunger removed from the dash-
pot chamber , the chamber oil level should be equal in height to the top of 
the stand pipe. 

Air for cylinder and latch operat ion is supplied at the top of the 
dr ive and c a r r i e d by p r e s s u r e tubing to the head end of the actuating cyl­
inder . Air for the t r ans ien t safety latch cylinder is extended from this 
point by flexible h i g h - p r e s s u r e hose to a regula tor which provides control 
of cylinder p r e s s u r e . A sp r ing-opera ted pulley guides and controls the 
moving flexible hose between regula tor and t rans ien t cyl inder . 

Power and control cables a r e brought to the dr ive from overhead 
and coupled to the connector b racke t at the top of the d r ive . Cables from 
this point a r e connected to the main t e r m i n a l s t r ip on the motor hanger 
pla te . The magnet and t r ans ien t safety latch c i rcu i t s a r e supplied from 
the main t e r m i n a l s t r i p through flexible coiled cords capable of expanding 
152 cm. Motor switches l imit magnet t r ave l in both up and down d i rec t ions . 
Compress ion spr ings between the a r m a t u r e and yoke allow for motor ove r -
t r ave l in the latching posi t ion. Snap switches a r e posit ioned to give r emote 
indication of the rods fully down, the magnet fully down, the magnet in 
latch posit ion, and the t r ans ien t safety latch in ei ther latched or unlatched 
posi t ion. 

B. Tes t P rocedu re 

The final dr ive was insta l led in the tes t f rame and assembled with 
dummy control rods as prev ious ly desc r ibed . To de te rmine rod drop 
speeds , a s e r i e s of photoelect r ic ce l ls were mounted to the support f rame 
opposite one face of the control rod yoke. The cel ls were ver t i ca l ly spaced 
at definite in te rva ls throughout the full yoke t r ave l . 
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A smal l flashlight, with its beam centered on the ver t i ca l center line of the 
ce l l s , was secured to the yoke. Movement of the yoke allowed the f lash­
light beam to fall consecutively on each ce l l . To el iminate excessive light 
recept ion, the cel ls were covered with tape to allow only a smal l slit at 
the center of each cell to be exposed. The ce l l s , e lec t r i ca l ly wired in 
pa ra l l e l , were connected with a d i r e c t - c u r r e n t power supply to the input 
of the Sanborn r e c o r d e r . The pass ing of light over a cell completed the 
e l ec t r i ca l c i rcui t and produced a pen deflection on the r e c o r d e r . Time 
in te rva ls between success ive cel ls were obtained by this method to e s t ab ­
l ish t rue speed c u r v e s . 

The magnet delay t ime was recorded by the second pen of the 
Sanborn r e c o r d e r . As before, a sensi t ive snap switch was positioned to 
contact the yoke at i ts maximum height and open with any downward move­
ment . The s c r a m switch, when closed, gave a continual pen deflection until 
yoke motion caused the snap switch to open the pen-supply c i rcu i t . This 
produced a char t indicating the t ime requ i red between s c r a m switch ac tua­
tion and actual control rod motion. 

The s e r i e s of t e s t s began with free fall of the rods and were 
continued in 3.4-atm inc remen t s up to 34 a tm. At each tes t p r e s s u r e , the 
min imum magnet-holding cu r ren t was de termined by the gradual reduction 
of magnet cu r r en t flow. Using a s e r i e s of se lec ted magnet c u r r e n t s , 
twenty-five rod drops were made at each tes t p r e s s u r e , and the c o r r e s ­
ponding delay t i m e s and rod speeds were r eco rded . 

Throughout the rod drop t e s t s , h igh-speed c a m e r a s were used to 
provide visual indication of magnet and a r m a t u r e r e l ea se and of dashpot 
action. A char t ca l ibra ted in inches was at tached along the side of the 
dr ive to provide a length scale so that the t ime requ i red per inch of dash-
pot t r ave l could be de te rmined from the fi lm. 

The t r ans i en t safety latch was operated through a tes t cycle which 
included the in te rmi t ten t in ter rupt ion of magnet cu r r en t to facil i tate m a g ­
net fa i lu re . Latch action and response was c losely observed throughout 
the per iod . 

C. Tes t Conclusions and Drive C h a r a c t e r i s t i c s 

Throughout the tes t p r o g r a m , the dr ive had per formed as expected 
and all components had functioned as r equ i red . Examination of the individ­
ual p a r t s after d i s a s sembly produced no indication of excess ive wear or 
future fai lure of p a r t s . The t r ans ien t safety latch had operated smoothly 
and the function of the slide a s s e m b l y to remove c lea rance between latch 
and guide pin was exemplified by the fact that the t r a n s f e r r a l of the load 
to the latch under s imulated magnet fai lure was not visual ly not iceable . 



When the m a g n e t was r e - e n e r g i z e d , t he l a t ch was r e a d i l y w i thd rawn by 
the a i r c y l i n d e r . The h i g h - s p e e d m o v i e s ve r i f i ed p r o p e r m a g n e t r e l e a s e 
and good d a s h p o t a c t i o n . 

By u s e of the h i g h - s p e e d f i lm, the t i m e i n t e r v a l for each c o n s e c u t i v e 
inch of d a s h p o t m o t i o n was o b t a i n e d . The t i m e was d e t e r m i n e d by dividing 
the n u m b e r of f ranges of f i lm r e q u i r e d for the yoke to p a s s t h r o u g h e a c h 
inch m a r k i n g on the c a l i b r a t e d c h a r t by the f i lm s p e e d at t ha t p a r t i c u l a r 
t i m e . The da t a ob t a ined f r o m the f i lm is p lo t t ed in F i g . 9. 

0 5 10 15 20 25 30 35 
TIME, mil l i -sec 

F IG. 9 
TIME VS. TRAVEL THROUGH DASHPOT 

The m i n i m u m m a g n e t - h o l d i n g c u r r e n t s o b s e r v e d in the t e s t s a r e 
p lo t t ed in F i g . 10. The g r a p h i n d i c a t e s t ha t for any p a r t i c u l a r m a g n e t , 
the ho ld ing c u r r e n t is a l i n e a r funct ion of the cy l i nde r p r e s s u r e . 

The S a n b o r n c h a r t s p r o v i d e d the da ta for the c u r v e s shown in 
F i g . 11 . The c u r v e s r e p r e s e n t the d i s t a n c e v e r s u s s c r a m t i m e c h a r a c ­
t e r i s t i c s of the c o n t r o l r o d s u n d e r v a r i o u s ac tua t ing p r e s s u r e s . The 
g r a p h c o n s i d e r s only the t i m e involved f rom the beg inn ing of c o n t r o l rod 
m o v e m e n t to the e n t r y of the p l u n g e r into the d a s h p o t . 



24 

8 -

6 -

* -

2 -

0 -

8 -

6 -

H -

2 -

12 16 20 24 

CYLINDER PRESSURE, atmospheres 

28 32 

MIN 
FIG. 10 

MUM MAGNET HOLDING CURRENT 
VS. 

CYLINDER PRESSURE 

20 

HO 

E 

d 60 

> cc 

1=1 
o 
" 80 

100 

1 20 

lUO 

_ ^^^ 

^ 

-

-

-
_ 

-

-

-
-
-

1 

^ ^ \ ^ ^ ^ ~ - ^ ^ 

^^sS\^\^^^^ 
^^v\\^\ 

\vW\\ \ ^ \ 
u\ \V \ \ \ \ ^ \ 
"\ \ \ \ \ \ \ \ ^ v 

3̂11 0 - J ^ \ \ \ \ \ \ \ 

-̂ -\\v̂ ^̂  \ 
- ̂  WW \ \ \ \ 
20 U WW \ \ \ \ 
'-'" \ \ \ \ \ \ \ \ \ 

° \\ \ \ \*^\ \ \ \ \ \ \ \ \ \ \ \ 
V i \ \ \ V \ \ "' 

1 1 1 ^ 1 r 

-..^^^ 

^ ^ - . . ^ ^ ^ 

^ \ ^ 
"̂̂ ^ ^ s ^ 

\ . ^ • ^ - FREE FALL 

\ ^ \ 

\ \ \ 

\ X. 
\ N. 

V . 6 8 > ^ 3 11 \ 

1 ^ 1 1 > 1 1 1 1 

160 200 210 280 320 360 

I sec 

MO 1|I|0 1)80 520 560 600 

F I G . 1 1 

ROD TRAVEL V S . T I M E 



A c o m p l e t e s c r a m t i m e c u r v e is shown in F i g . 12. The c u r v e 
r e p r e s e n t s the t o t a l t i m e r e q u i r e d f r o m the ac tua t ion of the s c r a m swi tch 
to the s topp ing of the c o n t r o l rod in the dashpo t c h a m b e r . The plot was 
m a d e f r o m d a t a r e c o r d e d at the 2 0 . 4 - a t m t e s t and is c h a r a c t e r i s t i c of the 
c u r v e s ob ta ined a t o t h e r e x p e r i m e n t a l p r e s s u r e s . 

The f inal d r i v e fulfi l led a l l the i n i t i a l d e s i g n r e q u i r e m e n t s and 
p e r f o r m e d r e l i a b l y t h r o u g h o u t the t e s t p r o g r a m . The c o n t r o l r o d s w e r e 
fully r a i s e d and s c r a n n m e d a p p r o x i m a t e l y 500 t i m e s , which is e s t i m a t e d 
to be equ iva l en t to a y e a r of o p e r a t i o n , without ev idence of d e f o r m a t i o n 
o r e x c e s s i v e w e a r . The v e r s a t i l i t y of the d r i v e was a p p a r e n t and the 
c h a r a c t e r i s t i c c u r v e s v e r i f i e d the s e l e c t i v e n e s s ava i l ab l e in t i i n e s for 
rod i n s e r t i o n . 

0 

20 

140 

eo 

80 

100 

120 

130 

5 2 . 1 

_ 

-

-

-

-

-

MAGNET 

-DELAY 

-

-

- \ ^ 

\ . 

^ \ 

\ . 

\ 

\ 

\ 

^ 

1 1 1 1 1 1 1 1 1 

DASHPOT 

\ 
1 V , . 1 

100 I 20 I HO 

TIME, mi I I i - sec . 

FIG. 12 
CONTROL ROD SCRAM CURVE AT 20.4 ATMOSPHERES 



IN) 



Appendix A 

AUXILIARY EQUIPMENT 

A. Additional Drive Requi rements 

In addition to the dr ive r equ i remen t s specified in Section II, it was 
des i r ed to have available a means of producing and selecting s c r a m t imes 
slower than free fall and extending upward to a 20-sec duration for full 
downward movement . It was a lso des i rab le that these longer s c r a m s occur 
at a constant velocity throughout the full distance. It was requi red that any 
dr ive could be selected to produce these slow s c r a m s . However, not more 
than one dr ive was to be slow s c r a m m e d at any one t ime. 

B. Auxi l iary Equipment Design 

The design of a piece of equipment to be perraanently at tached to 
each dr ive for rod slow down was not thought to be p rac t ica l for three 
r e a s o n s . For one reason , although it was des i red to have slow s c r a m 
available for each dr ive, it was a possibi l i ty that only the t rans ien t rods 
would ever be used in this fashion. Secondly, the space l imitat ions around 
each drive were such that the addition of ext ra permanent equipment was 
v e r y r e s t r i c t i v e . Thirdly, since only one drive was used in slow s c r a m at 
any one t ime, other available equipment was essent ia l ly surplus . 

On this bas i s , a portable self-contained unit was proposed, which 
could be readi ly wheeled to any se lected dr ive and rapidly connected to 
convert the dr ive to s l o w - s c r a m operat ion. The actuating cylinder piston 
was chosen as the means of producing slow s c r a m s . The method was to 
fill the cylinder volume underneath the piston with hydraulic oil and con­
t ro l the rod descent by adjusting the r a t e of oil removal . 

The oil supply for the cylinder was provided by a 11 .36- l i te r /min 
pump, capable of 27 .2-a tm operat ion, mounted on a 38- l i ter r e s e r v o i r . 
Two2 .54-cm d iamete r h i g h - p r e s s u r e hoses were used to connect the 
actuating cylinder to the hydraul ic pump assembly . The use of hose provided 
the line flexibility n e c e s s a r y for attachmient to al l d r ives . Fas t -d i sconnec t , 
se l f -seal ing couplings were used for the cylinder connections. This type of 
coupling sea ls the flow c i rcu i t in the uncoupled position. 

Each hose was connected to the r e s e r v o i r through a two-way, no r ­
mal ly closed, so lenoid-opera ted valve. In one of the r e tu rn l ines, a 
four teen- turn v e r n i e r orif ice valve was instal led. The valve had a graduated 
m i c r o m e t e r type dial to p e r m i t reproducib le valve set t ings. The outlet of 
the pump was connected to the other r e t u r n line through a check valve. The 
check valve prevented the loss of cylinder oil through the pump ci rcui t when 
the pump was not in operat ion. A schemat ic of the auxi l iary hydraul ic 
sys tem is shown in Fig. 13. 



HIGH PRESSURE HOSE 

FIG. 13 
SCHEMATIC OF AUXILIARY HYDRAULIC UNIT 

The a u x i l i a r y h y d r a u l i c unit was c o m p a c t l y a s s e m b l e d and m o u n t e d 
on a f o u r - w h e e l e d f r a m e . The unit could be e a s i l y w h e e l e d to any d r i v e a s 
n e e d e d and r e a d i l y r e m o v e d a g a i n when not in u s e . 

C. T e s t and P e r f o r m a n c e C h a r a c t e r i s t i c s 

The a t t a c h m e n t of the a u x i l i a r y h y d r a u l i c uni t to the c o n t r o l r o d 
d r i v e r e q u i r e d the add i t ion of m a t i n g c o u p l e r s to the d r i v e to c o r r e s p o n d 
with those on the h o s e s . One of the c o u p l e r s was t h r e a d e d into the cy l i n ­
d e r a i r - e x h a u s t p o r t and the o the r was t h r e a d e d into the cap of the dashpo t 
s u r g e r e s e r v o i r . The h o s e which c a r r i e d the a u x i l i a r y p u m p output was 
c o n n e c t e d to the s u r g e r e s e r v o i r . 

The p h o t o c e l l e q u i p m e n t and c i r c u i t r y u sed with the c o n t r o l r o d 
d r i v e for obta in ing t i m e da ta w e r e s i m i l a r l y u sed to d e t e r m i n e s l o w - s c r a m 
t i m e i n f o r m a t i o n . The s o l e n o i d - o p e r a t e d t w o - w a y v a l v e s w e r e e l e c t r i c a l l y 
connec t ed wi th the m a g n e t r e l e a s e swi t ch so tha t e i t h e r one or both v a l v e s , 
a s r e q u i r e d , would be opened when the m a g n e t c u r r e n t w a s i n t e r r u p t e d . 

In the f i r s t s e r i e s of t e s t s , bo th r e t u r n l i ne s w e r e u sed to e x h a u s t 
the c y l i n d e r oi l . The p r o c e d u r e was to r a i s e the r o d s and fill the c y l i n d e r 
wi th oi l , and then r e c o r d the t i m e n e c e s s a r y for the r o d s to d e s c e n d unde r 
d i f fe ren t p r e s s u r e load ings and e x h a u s t o r i f i c ing cond i t i ons . In fil l ing the 
cy l i nde r wi th oil , it was i m p o r t a n t tha t a i r was not i n t r o d u c e d into the 
s y s t e m to p r o d u c e i r r e g u l a r o p e r a t i o n . To p r e v e n t any p o s s i b l e a i r e n t r y , 
the a u x i l i a r y p u m p was s t a r t e d wi th the m a g n e t e n e r g i z e d in the down 
pos i t ion . With the m a g n e t e n e r g i z e d , the so l eno id v a l v e s in the r e t u r n 
l ines w e r e c l o s e d so that the p u m p output w a s d u m p e d d i r e c t l y b a c k to the 
r e s e r v o i r t h r o u g h the r e l i e f va lve in the p u m p c i r c u i t . When the d r i v e 
m o t o r was s t a r t e d , h y d r a u l i c oi l w a s supp l i ed to the cy l i nde r v o l u m e 
v a c a t e d by the r i s i n g p i s ton . The p u m p output was g r e a t e r than the cy l i nde r 



d e m a n d , so e x c e s s i v e oi l was con t inua l ly dumped b a c k into the r e s e r v o i r 
du r ing c o n t r o l r o d lift. When the r o d s w e r e fully r a i s e d and the d r i v e 
m o t o r s topped , the p u m p was shut off. The oi l unde r the p i s ton r e m a i n e d 
in the c y l i n d e r , s ince bo th r e t u r n l i ne s and p u m p c i r c u i t w e r e c lo sed . 

The f i r s t t e s t was m a d e with no a i r p r e s s u r e on the cy l inde r p i s ton 
and with the v e r n i e r v a l v e in the r e t u r n l ine full open a t the four teen m a r k 
on the g r a d u a t e d d i a l . When the m a g n e t r e l e a s e swi t ch was a c t u a t e d to 
d e - e n e r g i z e the m a g n e t , the so l eno id v a l v e s s i m u l t a n e o u s l y opened both 
r e t u r n l ines to the r e s e r v o i r . The Sanborn r e c o r d e r c h a r t e d the t i m e 
i n t e r v a l s b e t w e e n c o n s e c u t i v e pho toce l l s up to the point of dashpo t e n t r y . 

The s a m e p r o c e d u r e w a s r e p e a t e d , us ing d e c r e a s i n g v e r n i e r d ia l 
s e t t i n g s unt i l the va lve was fully c l o s e d . Then the s a m e s e r i e s of va lve 
s e t t i n g s w e r e r e p e a t e d with a i r l oad ings on the c y l i n d e r . T i m e s w e r e 
r e c o r d e d a t 3 . 4 - a t m i n t e r v a l s up to a p r e s s u r e of 20.4 a t m . F i g u r e 14 
shows the c u r v e s of t i m e v e r s u s va lve se t t ing ob ta ined at the t e s t 
p r e s s u r e s . 
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In the s e c o n d s e r i e s of t e s t s , only the r e t u r n l ine wi th the v e r n i e r 
va lve was u s e d to e m p t y the c y l i n d e r . The t e s t p r o c e d u r e was the 
s a m e a s in the p r e v i o u s s e r i e s wi th the excep t ion tha t only one r e t u r n l ine 
was opened when the m a g n e t w a s d e - e n e r g i z e d . The va lve s e t t i n g s and 
p r e s s u r e load ings of the i n i t i a l t e s t s w e r e r e p e a t e d . F i g u r e 15 shows the 
c u r v e s ob ta ined f rom th i s s e r i e s . 

22 

18 

111 

10 

2 

- |U \ 

\l\\ 
- \v\\ \ 
- mX \^ 

\\V\ 
\ \ \ \ . 

: ^ 

1 1 1 1 1 

FREE FALL 

. ^ 

3.11 ATMOSPHERES 

• 6 .8 

^ T - _ 10.2 

~ 

1 L 13.6 

' 20 .U 

1 1 1 1 1 1 1 1 

VALVE SETTING 

F I G . 15 

T IME v s . VALVE SETTING FOR ONE L I N E C I R C U I T 

The r e s u l t s of the t e s t s i n d i c a t e d tha t the a u x i l i a r y h y d r a u l i c unit 
was capab le of p roduc ing c o n t r o l l e d r o d d r o p s f rom 1.6 s e c u p w a r d b a s e d 
on a m a x i m u m c y l i n d e r loading of 20 .4 a t m . The 1 .6 -sec m i n i m u m t i m e 
was suf f ic ien t ly s h o r t enough to a c c o m p l i s h the d e s i r e d r e a c t o r t e s t 
r e s u l t s so tha t f u r the r p r e s s u r e load ings to obta in s h o r t e r t i m e s w e r e not 
a t t e m p t e d . 

The r o d d r o p s p e e d s p r o d u c e d by the a u x i l i a r y e q u i p m e n t w e r e 
l i n e a r at a l l p r e s s u r e s and v a l v e s e t t i n g s t e s t e d . A t y p i c a l plot of r o d 
t r a v e l a g a i n s t t i m e is shown in F ig . 16. 
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A p p e n d i x B 

R O D D R O P C A L C U L A T I O N S 

F r o m N e w t o n ' s L a w , 

d v d v 
F = m a = m —— - m v —— , 

d t d x 

w h e r e 

F = f o r c e , g r a m s 
m = m a s s of m o v i n g c o m p o n e n t s , g m - s e c / c m 
a = a c c e l e r a t i o n , c m / s e c 
X = d i s t a n c e t r a v e l e d , c m 
V = v e l o c i t y of m o v i n g c o m p o n e n t s , c m / s e c . 

T h e d o w n w a r d f o r c e i s 

F = W + P A - Pa.Aa^ 

w h e r e 

W = w e i g h t of m o v i n g c o m p o n e n t s , g m 
P = p r e s s u r e o n c y l i n d e r p i s t o n a t a n y d i s t a n c e of p i s t o n t r a v e l , 

g m / c m 
A = r o d e n d p i s t o n a r e a , c m ^ 

P^L = a t m o s p h e r i c p r e s s u r e , g m / c m ^ 
Ag^ = c y l i n d e r a r e a , c m ^ . 

If t h e e x p a n s i o n of a i r i s t a k e n t o b e a n i s e n t r o p i c p r o c e s s , t h e 
p r e s s u r e P a t a n y d i s t a n c e x i s f o u n d b y t h e e x p r e s s i o n 

P V ^ = PoVo^ , 

w h e r e 

P Q = i n i t i a l p r e s s u r e a t x = 0, g m / c m ^ 
VQ = i n i t i a l v o l u m e a t x = 0, c m 
V = v o l u m e a t a n y d i s t a n c e x , c m 
k = r a t i o of m o l a l h e a t c a p a c i t i e s = 1.4, f o r a i r . 

T h u s 

fXo '̂̂  P = P . 

and, s i n c e 

V = Vo + AX 



t h e r e f o r e 

P = P Vo 
Vo + AX 

(3) 

N e g l e c t i n g f r i c t i o n l o s s e s a n d a s s u m i n g tha t the p r e s s u r e of the 
e x h a u s t a i r b e n e a t h the p i s t o n r e m a i n s a t m o s p h e r i c , the v e l o c i t y a t any 
d i s t a n c e X can be found f r o m e q u a t i o n s ( l ) , (2), and (3), t hus 

o r 

dv 
m v T^ = W + PoA 

dx 

W PoA 
V dv = — dx + 

Vo + AXj 

m m 1 + 
A X 

Vr 

" ^a -^a 

a a dx - dx 
m 

I n t e g r a t i n g g i v e s 

— + C = g X + 
2 m 

1 

^ ( - . ) ( i . ^ ) 
k - i 

P^A^ X a a 
m 

Vo "̂" ~'\~ Vo 

When X = 0, the v e l o c i t y i s a l s o z e r o ; t h e r e f o r e , so lv ing for the c o n s t a n t C, 

C = 
PoA 

m 

1 

t'' - '̂' 
PoV QVO 

m ( l - k) 

T h e r e f o r e , the v e l o c i t y a t any d i s t a n c e X is g iven by 

V '2g X + 
2P0V0 

m ( k - 1) Vc 
1^] 
, + A X / 

k - i 

m 
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