
OAK 
RIDGE 
NATIONAL 
LABORATORY 

UNION I CARBIDE I 

OPERATED BY 
UNION CARBIDE CORPORATION 
FOR THE UNITED STATES 

Oak Ridge TNS Program: -- 
Study of Fueling ~echniques- 

in Support of TNS 
Development 

William Simpson 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



z '-. - -  -p. ' .  8 

Printed in the United States of America. Available froms(-s7. 5: 
National Technical Information Service ?cS -y$Atfc.:f 

U.S. Department of Commerce z- :ri L?l@ 

Th~s report was prepared as an account of work sponsored by an agency of thl 1 2$,g~F ' 8 t:< '- 

A+% United States Government. Neither the Untted States nor any agentzithereof, no 
any of their employees, makes any warranty, expressed or implied, or assumes 
any legal liability or responsibility for any third party's use or the results of such 
use of any information, apparatus, product or process disclosed in this remrt. or 

L -  . 
represents that its use by such third party would not infringe private& . 
rights. 

. + -  



ORNL/TM-6729 
D i s t ;  C a t e g o r y  UC-20 d 

C o n t r a c t  No .  W - 7 4 0 5 - e n g - 2 6  

FUSION ENERGY D I V I S I O N  

OAK RIDGE TNS PROGRAM: STUDY .OF FUELING TECHNIQUES 

I N  SUPPORT O F  TNS- DEVELOPMENT 

W i l l i a m  S i m p s o n  

A d v a n c e d  E n e r g y  S y s t e m s  
G r u m m a n  A e r o s p a c e  C o r p o r a t i o n  

B e t h p a g e ,  New Y o r k  1 1 7 1 4  

Date Published: December 1979 

~- .. - 
.--- . 

 his wok w a  prepared as an nmDu 

Prepared by the  
OAK RIDGE NATIONAL LABORATORY 

O a k  R i d g e ,  T e n n e s s e e  3 7 8 3 0  
operated by 

UNION CARBIDE CORPORATION 
f o r  the 

DEPARTMENT OF ENERGY 



THIS PAGE 

WAS INTENTIONALLY 

LEFTBLANK 



CONTENTS 

ABSTRACT .......................................................... v 

ACKNOWLEDGMENTS ................................................... vii 

1 . INTRODUCTION AND SUMMARY ...................................... 1 

2 . .  FUELING DEVICES -- INJECTION VELOCITY LIMITATIONS ............... 7 

2.1 GAS INJECTION (PUFFING) .................................. 9 

.............................................. 2.2 GAS DYNAMIC 9 

............................................ 2.3 PNEUMATIC GUN 12 

2.4 LIQUID JET ............................................... 12 

............................................ 2.5 ROTATING HELIX 15 

.............................. 2.6 CENTRIFUGAL PELLET INJECTOR 18 

2.7 HYPERVELOCITY ACCELERATORS ............................... 20 

........................................ 3 . PELLET CHARACTERISTICS 25 

3.1 MECHANICAL PROPERTIES .................................... 25 

3.2 DETERMINING PELLET CAPABILITIES .......................... 31 

................................... . 3.2.1 Material Testing 32 

3.2.2 Physical Tests with Accelerating Devices .......... 33 

3;3 ANALYSIS OF PELLET LOADS . CENTRIFUGAL .......................................... PELLET INJECTOR 35 

..................................... 3.3.1 Dynamic Loads 35 

3.3.2 Strain Rate ....................................... 36 

3.'3.3 Interrelation of Materials ........................ 36 

3.3.4 h'riction E f f e c ~ s  .................................. 36 
3.3.5 Pellet Performance Summary ........................ 37 

3.4 PELLET DELIVERY RATES .................................... 39 

4 . CANDIDATE INJECTORS ............................................ 43 

................... 4.1 CENTRIFUGAJ? PF.1.T. ET INJECTOR EVALUATION 45 

4.2 PNEUMATIC GUN INJECTOR EVALUATION ........................ 49 

4.3 LIQUID JET INJECTOR EVALUATION ............................ 52 

4.4 MAINTENANCE .............................................. 57 

.............................................. 4.5 RELIABILITY 58 

..................................... 4.6 OPERATING REDUNDANCY 58 

4.7 SAFETY .................................................... 59 

iii 



............................................... 5 . RECOMMENDATIONS 61 

.............................. 5.1 CENTRIFUGAL PELLET INJECTOR 61 

5.2 PNEUMATIC GUN ............................................. 61 

........................................... . 5.3 FLUID INJECTOR 62 

........................................ 5.4 MATERIALS TESTING 62 

5.5 TEST PROGRAM ........................................ 63 

........................................................ REFERENCES 65 

. APPENDIX A B.IBLIOGRAPHY OF HYPERVELOCITY ACCELERATORS ........... 67 

APPENDIX B -- CRYOGENIC PROPERTIES OF H, D. and T .................. 69 

-- ..................... APPENDIX C FUEL PELLET INJECTION IMPACT FORCE 75 

-- ............................... APPENDIX D STRAIN RATE ASSESSMENT 81 

.................................. APPENDIX E -- STATIC PELLET LOADS 87 

APPENDIX F . DYNAMIC ANALYSES FOR TWO ROTATING PARTICLE 
ACCELERATING DEVICES ................................. 91 



ABSTRACT 

To successfully refuel a magnetically confined plasma, the fuel 

must be delivered to the device in precise quantities with controlled 
' 

quality. The fuel must also penetrate the plasma to a sufficient depth 

to be assimilated by the plasma while the individual injected fuel 

elements must be small enough to prevent unacceptably large, local 

plasma cooling. The fuel injector itself must be capable of continuous 

operation in a radioactive environment and compatible with the D-T fuel 

material. These general requirements serve as the criteria for this 

survey by establishing the range of allowable parameters for pellet mass 

and velocity and injector design. 

The objective of this study was to survey fueling techniques and 

determine which approaches were compatible with the TNS requirements. 

Specifically, the following tasks were undertaken: survey of existing 

fueling concepts for use in TNS, determination of available physical 

properties for D-T fuel pellets, performance of preliminary load analysis 

of selected pellet. acceleration machines, preparation of conceptual 

designs, and recommendations for follow-on work. 

Bgsed on the results of the review, three generic systems which met 

TNS requirements were recommended for further development. They are: 

the cemtrifirga1. pe1l.e.t injector, the pneumatic gun, and the pressurized 

fluid injector. None of these systems is presently capable of meeting 

all of the TNS requirements; engineering problems still remain to be 

solved. There is some question as to the ability to scale these systems 

to deliver large D-T pellets at the required velocity. 

The scope of the study did not permit detailed design or analyses 

of the recommended injector systems, hut serious thought was given to 

recommended development areas pertinent -to each device. The installa- 

tion requirements have been outlined asvwell as design recommendations 

on maintainability and reliability. 
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1. INTRODUCTION AND SUMMARY 

To successfully refuel a magnetically confined plasma, the fuel 

must be delivered to the device in precise quantities with controlled 

quality. The fuel must also penetrate the plasma to a sufficient depth 

to be assimilated by the plasma while the individual injected fuel 

elements must be small enough to prevent unacceptably large, local 

plasma cooling. The fuel injector itself must be capable of continuous 

operation in a radioactive environment and compatible with the D-T fuel 

material. These general requirements serve as the criteria for this 

survey by establishing the range of al.lowable parameters for pellet mass 

and velocity and injector design. 

The objective of this study was to survey fueling techniques and 

determine which approaches are compatible with the TNS requirements. 

Specifically, the following tasks were undertaken: 

Survey of existing fueling concepts for use in TNS 

Determination of available physical properties for D-T fuel 

pellets 

Performance of preliminary load analysis of selected pellet 

acceleration machines 

Preparation of conceptual designs 

Reeommcndations f n r  fnllow-on work. 

While the TNS requirements have not been finalized, the following 

specifications were established for the study based on Ref. 1: 

Velocity 1-3 krnlsec 

Pellet diameter 0.3-0.6 cm 

Pellet injection frequency '20-30 pelletslsec 

Fuel composition 50150 mix deuteriumltritium 

Fuel density 0.25 g/cm-3 at 1 2 ~  

0.26 g/cm'-3 at 4K 

Figure 1-1 shows the study plan. Initially the full spectrum of 

injector types was reviewed and the pellet requirements recorded. 

Parallel with this effort, available physical property data were 



Fig. L-1. S t ~ d y  plan - fueling techniques. 
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accumulated f o r  H,  D,  and T p e l l e t s .  A test program was o u t l i n e d  f o r  

t h e  p e l l e t  d a t a  requi red  bu t  no t  a v a i l a b l e  i n  t h e  l i t e r a t u r e .  

The s tudy  reviewed a  number of p o t e n t i a l  f u e l  p e l l e t  i n j e c t i o n  

systems. Addi t iona l  i n j e c t o r  types e x i s t ,  b u t  they were no t  considered 

s i n c e  they  have been discounted i n  o the r  s t u d i e s  (e.g. ,  Ref. 2.). U t i -  

l i z i n g  t h e  TNS requirements ,  t h e  p e l l e t  i n j e c t i o n  systems were screened,  

and those  n o t  compatible wi th  t h e  TNS requirements  were e l imina ted .  For 

t h e  su rv iv ing  systems, a  more d e t a i l e d  eva lua t ion  was made of i n j e c t o r  

subsystems inc lud ing  maintenance and r e l i a b i l i t y  requirements.  

Based on t h e  r e s u l t s  of t h e  review (summarized i n  Fig. 1 - 2 ) , ' t h r e e  

gene r i c  systems which met TNS des ign  requirements  were recommended f o r  

. f u r t h e r  development. They a r e :  

t he  c e n t r i f u g a l  p e l l e t  i n j e c t o r  

t h e  pneumatic gun 

t h e  p re s su r i zed  f l u i d  i n j e c t o r .  

Because these  systems a r e  i n  a n  e a r l y  s t a g e  of i n v e s t i g a t i o n ,  a l l  

of t h e i r  advantages and l i m i t a t i o n s  a r e  no t  w e l l  def ined ,  and more 

development work is  planned ( sub jec t  t o  funding l i m i t a t i o n s ) .  To d a t e ,  

t h e r e  has  been no combined t e s t i n g  f o r  r e p e t i t i o n  r a t e ,  p e l l e t  v e l o c i t y ,  

and p e l l e t  s i z e .  P e l l e t  v e l o c i t i e s  up t o  1 km/sec and r e p e t i t i o n  r a t e s  

of 150 p e l l e t s / s e c  have been a t t a i n e d  i n  i n d i v i d u a l  t eS f s .  The ex l s l lug  

test des igns  use  H and D p e l l e t s  w i th  i n j e c t o r s  t h a t  d e l i v e r  small 

pe1l.e.t~ heca~ i se  1 mm i s  t h e  p re sen t  l i m i t  f o r  e x i s t i n g  tokamaks. None 

of t h e s e  systems is p resen t ly  capable  of meeting a l l  of t h e  TNS requi re -  

ments; engineer ing  problems s t i l l  remain t o  be solved. There i s  some 

ques t ion  as t o  t h e  a b i l i t y  t o  s c a l e  t h e s e  systems t o  d e l i v e r  l a r g e  D-T 

p e l l e t s  a t  t h e  requi red  v e l o c i t y .  (This is  p a r t i c u l a r l y  t r u e  f o r  t h e  

p re s su r i zed  f l u i d  i n j e c t o r . )  

The Inhe ren t  l a c k  of s t r e n g t h  of D-T p e l l e t s  l i m i t s  t h e  a c c e l e r a t i o n  

f o r c e s  they  can t o l e r a t e ,  thereby inc reas ing  t h e  t ime requi red  t o  reach  

i n j e c t i o n  v e l o c i t y  and inc reas ing  t h e i r  thermal  exposure i n  t r a n s i t .  It 

is s t r o n g l y  recommended t h a t  t h e  e s s e n t i a l  mechanical p r o p e r t i e s  of D-T 

be  i n v e s t i g a t e d  so  t h a t  i n j e c t o r s  can be  b u i l t  which do no t  r e q u i r e  

exces s ive  f u t u r e  modi f ica t ions  because of inaccurate ulirterial da t a .  
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The scope of the study did not permit.detailed design or analyses. 

of the recommended injector systems, but serious thought was given to 

recommended development areas pertinent to each device. The installa- 

tion requirements have been outlined as well as design recommendations 

on maintainability and reliability. 

While fueling is a serious concern, the effort for tokamaks is less 

than $1 million per year, and a significant effdrt has existed for only 

three years. The recommendations of this report do not appear to be 

compatible with the present funding level for fueling. 
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2. FUELING DEVICES - INJECTION VELOCITY LIMITATIONS 

Refuel ing processes  a t  p re sen t  a r e  confined t o  i n i t i a l  f i l l  o r  

r ep l en i sh ing  pumping l o s s e s .  The means f o r  continuous r e f u e l i n g  w i l l  

become important  f o r  experimental  machines planned t o  ope ra t e  i n  t h e  

next  f i v e  t o  s i x  yea r s  wi th  a c t u a l  1-60-sec burn times which w i l l  r e q u i r e  

replenishment of l o s t  f u e l  dur ing  t h e  burn cyc le .  

P e l l e t  i n j e c t i o i ~  experiments have been conducted on tokamaks t o  

determine r e f u e l i n g  requirements.  This  inc ludes  t e s t s  on ORMAK, ISX, 

and P u l s a t o r ,  and more t e s t s  a r e  a n t i c i p a t e d  i n  t h e  f u t u r e .  

I n  t h e  p a s t ,  many t h e o r i e s  were proposed which purported t o  e s t a b l i s h  

t h e  r e l a t i o n  between p e l l e t  s i z e ,  p e l l e t  v e l o c i t y ,  and r equ i r ed  plasma 

pene t r a t ion .  These t h e o r i e s  d isagreed  i n  many cases  by an o rde r  of 

magnitude o r  more. Recent t h e o r e t i c a l  and experimental  work r e s u l t e d  i n  

much b e t t e r  c o r r e l a t i o n s .  Typica l  of t h i s  a r e  t h e  r e s u l t s  presented  i n  

Ref. 3 .  

The only p re sen t  tokamak planned f o r  D-T opera t ions  i s  t h e  TFTR; 

o t h e r  near-term machines a r e  hydrogen-fueled. TNS i s  t h e  planned t e s t  

device  f o r  f u s i o n  power machines combining long du ra t ion  burns us ing  

D-T f u e l  a s  w e l l  as systems aimed a t  so lv ing  t h e  p r a c t i c a l  problems of 

e x t r a c t i n g  h e a t  i n  a  u sab le  manner. While t h i s  s tudy is d i r e c t e d  t o  TNS 

o b j e c t i v e s ,  an  ~ x a m i n a t i o n  of t h e  systems'  hardware and t h e  experience 

of o t h e r  p a s t  and f u t u r e  experiments provides  a  pe r spec t ive  and back- 

ground. 

Hardware f o r  s o l i d  f u e l  (H) p e l l e t s  has  been produced by s e v e r a l  

o rgan iza t ions ,  no tab ly  by t h e  Univers i ty  of I l l i n o i s  \ (gas  dynamics). 

ORNL i s  developing a  mechanical method using a  c e n t r i f u g a l  i n j e c t o r  and 

a  pneumatic gun. F lu id  i n j e c t i o n  i s  being pursued by Physics  Interna-  

t i o n a l  of San Leandro, C a l i f o r n i a  under a  DOE c o n t r a c t .  P e l l e t  designs 

f o r  i n e r t i a l  confinement machines have been pursued by many organiza- 

t i o n s ,  i . e . ,  LLL, LASL, B a t t e l l e ,  Univers i ty  of I l l i n o i s  e t  a l . ,  but  t h e  

p e l l e t  cons t ruc t ion  is  complex, and t h e  containment s h e l l s  of t h e  f u e l  

p e l l e t  (D-T) in t roduce  undes i rab le  i m p u r i t i e s  i n t o  a tokamak plasma. 

F igure  2-1 shows t h e  i n j e c t i o n  devices  t h a t  have been t e s t e d  o r  a r e  i n  

hardwarc devrlopuent .  
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Fis. 2-1. Plasma fueling experiments/concepts. 
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Devices used to replenish lost fuel may be divided into three 

categories: those injecting pressurized fuel directly, those using 

pressurized neutral gas to propel a frozen pellet of D-T, and those 

using mechanical means to propel a frozen pellet of D-T. 

The various fluid and pneumatic injection systems were evaluated to 

determine their theoretical velocity limitations and assess their prac- 

tical limitations. 

2.1 GAS INJECTION (PUFFING) 

Injection of gas into a vacuum is one of the simplest, most flexible 

methods of fueling or refueling a tokamak. In essence, the system 

consists of a pressurized supply of gaseous fuel, a control valve which 

either meters a selected quantity of gas or modulates a continuous flow, 

and a tube or pipe leading to the plasma chamber. The pressurized gas 

reaches sonic or near-sonic velocities as it enters the plasma chamber. 

Figure 2-2 depicts the basic elements. In theory the system is simple 

and versatile, but a real installation is quite complex as shown in 

Fig. 2-3, the TFTR Gas Injection System. While this is the easiest 

method of refueling tokamaks, the mechanism is not fully understood and 

there are real questions whether gas injection will work in larger 

plaslua devices sucl l  dd T N ~ .  

2.2 GAS DYNAMIC 

Gas dynamic injectors are typified by the device used for the 

pellet injection studies on ORMAIL5 A continuous stream of subcooled 

liquid.hydrogen, formed by condensing hydrogen gas in helium-cooled heat 

exchangers, flows from a nozzle and is broken into uniform droplets by 

acoustic excitation. The individual droplets freeze and are accelerated 

by a rapid gas dynamic r x p a ~ ~ s i u u  tlliougli aa acceleration tube. 

Theoretically, these injectors can attain the sonic velocity of 

hydrogen, ~1300 m/sec. Practically, this type of injector is limited by 

the pressure difference across the acceleration tube and a reasonable 

length for the acceleration tube. ORMAK studies with a device built by 
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Fig. TFTR gas inj ec tion sys tern. 



the  University of I l l i n o i s  have already obtained 100 m/sec p e l l e t  

ve loc i t i e s ,  and p rac t i ca l  l imi ta t ions  w i l l  probably r e su l t  i n  ve loc i t ies  

of 300-500 mlsec. Figure 2-4 shows the ORMAK ins ta l la t ion .  

This technique f o r  p e l l e t  formation does not lend i t s e l f  t o  the 

l a rge  p e l l e t s  (0.5-cm d i m  or  greater)  which may be required f o r  TNS. 

2.3 PNEUMATIC GUN 

Pneumatic guns are typif ied by the device presently under develop- 

ment at ORNL.' A frozen, so l id  p e l l e t  is formed of 1 f quid hydrogen and 

loaded i n t o  a gun bar re l .  A solenoid valve then appl ies  a room tempera- - 
-- t u r e  dr iver  gas (helium at 8-29 atm) which accelerates  the pe l l e t .  

. + 
- 

, Figure 2-5 shows a simple schematic of the  system. 
'-*-" This technique can theore t ica l ly  a t t a i n  a veloci ty  of 6500 mlsec 

. L 
L ,  , with hydrogen as a dr iver  gas and 3000 m/sec with helium a s  a dr iver  

- gas. .These ve loc i t i e s  a r e  based on an unsteady expansion7 of the dr iver  
' 

gas without consideration of f r i c t i o n a l  e f f ec t s  or  gas leakage and 

cannot be at ta ined by a p e l l e t .  

To date,  experimenrs on ~ S X ~  have resul ted i n  p e l l e t  ve loc i t ies  i n  

excess of 1000 m/sec, and the  f r ic t%on e f f ec t s  on the p e l l e t  appear t o  

be small. Prac t ica l  l i m i t s  w i l l  probably be i n  the range of 1500-2000 

mlsec, but  t h i s  remains t o  be determined by test. 

Poten t ia l  problems a r e  the  dr iver  gas crushing force on the p e l l e t  

which the  p e l l e t  must withstand, and the d i f f i cu l ty  of a t t a i n h g  thc  

r e p e t i t i o n  rate required (~20-30 pel le ts /sec) ,  Recent t e a t s  have 

operated a t  a crushing force of approximately three times the presumed 

t e n s i l e  s t rength of the  pe l le t .  

. - I --=-:-,;\yz;:;::-i,;q,.m - - 

, . ' -  .$; ; : ,L-. 
2.4 LIQUID JET 

High veloci ty  l i qu id  hydrogen jets f o r  fueling do not e x i s t  a t  

present. Their development would be based on the high pressure l iqu id  

jet technology presently being used i n  d i e se l  f u e l  injectors.  Typi- 

ca l ly ,  an in j ec to r  would be fed l iqu id  hydrogen a t  a pressure of ~7 atm 

and would then i n j e c t  i t  a t  a pressure of 1500 atm or  more. Expansion 



aRMAK PELLET INJECTION 
- 
Fig. 2-4. Gas. dynamic pellet injector (ORMAK). . 

. . , .  .. 
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through a  s h o r t  nozzle  would cause the  p re s su re  energy t o  a c c e l e r a t e  t h e  

hydrogen t o  over  1500 mlsec. The j e t  would be broken i n t o  uniform 

d r o p l e t s  by a c o u s t i c  e x c i t a t i o n .  

Theore t i ca l ly ,  j e t  v e l o c i t i e s  >2000 m/sec can  be  achieved wi th  

p re s su res  22000 a t m .  P r a c t i c a l l y ,  t h e  a t t a i n a b l e  v e l o c i t y  i s  quest ion-  

a b l e  s i n c e  a d i a b a t i c  compression d a t a  f o r  hydrogen i s  s c a r c e  i n  t h e  high 

p re s su re  range of i n t e r e s t .  

Pre l iminary  s t u d i e s  of t h i s  c l a s s  of l i q u i d  j e t  i n d i c a t e  t h a t  

p e l l e t s  of 0.1-cm diam a r e  a t t a i n a b l e .  However, t h i s  technique does n o t  

l end  i t s e l f  t o  t h e  formation of l a r g e  p e l l e t s  (%0.5-cm diam o r  g r e a t e r )  

which may be r equ i r ed  f o r  TNS.9 Figure  2-6 d e p i c t s  t h e  p r i n c i p l e s  of 

t h e  l i q u i d  i n j e c t o r .  

2.5 ROTATING HELIX 

A mechanical p e l l e t  a c c e l e r a t o r  t h a t  t h e o r e t i c a l l y  can produce 

p e l l e t  v e l o c i t i e s  i n  t h e  range d e s i r e d  (>2000 km/sec) was suggested.1° 

The device ,  i l l u s t r a t e d  diagrammatical ly  i n  Fig. 2-7, c o n s i s t s  of a 

tubu la r  housing conta in ing  a  l i n e a r  groove whose depth  i s  one-half of 

t h e  p e l l e t  diameter  and a  r o t a t i n g  r o l l e r  f i t t e d  c l o s e l y  t o  t h e  t u b u l a r  

housing. The r o l l e r  has  a  h e l i x  c u t  i n t o  i t s  s u r f a c e  wi th  a  c o n s t a n t l y  

i n c r e a s i n g  p i t c h  and a groove depth  one-half t h e  p e l l e t  diameter .  A 

s p h e r i c a l l y  shaped p e l l e t  was assumed s o  t h e  grooves i n  both t h e  housing 

and r o l l e r  a r e  s emic i r cu la r ly  shaped. When t h e  p e l l e t  is in t roduced  

i n t o  t h e  housing groove and mated wi th  t h e  r o l l e r  groove, r o t a t i o n  of 

t h e  r o l l e r  f o r c e s  t h e  p e l l e t  t o  move a x i a l l y  a long  t h e  housing groove. 

The p rope l l i ng  a c t i o n  i s  produced by t h e  r o l l e r  h e l i x  ang le  f o r c e  v e c t o r  

as t h e  r o l l e r  r o t a t e s ,  and t h e  cons t an t ly  i nc reas ing  h e l i x  p i t c h  acce l -  

e r a t e s  t h e  p e l l e t .  The proper  combination of r o l l e r  diameter ,  r o l l e r  

h e l i x  ang le  and angular  v e l o c i t y ,  and maximum p r a c t i c a l  h e l i x  ang le  

(15-20') governs t h e  p e l l e t  a c c e l e r a t i o n .  

The device  has many f avorab le  a spec t s :  t h e  p e l l e t  is  p o s i t i v e l y  

c o n t r o l l e d ,  t iming can be a c c u r a t e l y  set, p e l l e t  m a s s  and f r i c t i o n  do 

n o t  a f f e c t  t h e  machine ope ra t ion ,  t h e  e x i t  t r a j e c t o r y  is  accu ra t e ,  and 

t h e  device  produces no extraneous gnses o r  wear materials t h a t  can 
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migrate to the plasma chamber. The major objection to the device con- , 
cerns the pellet,,which can withstand only low forces. Time to accel- 

erate is high, and the groove length is long (20 m). Therefore, pellet 

ablation and deformation due to rubbing and wear is a concern. 

2.6 CENTRIFUGAL PELLET INJECTOR 

This injector mechanism provides the desired injection velocity by 

exerting centrifugal force on a fuel pellet. One concept involves a 

rapidly rotating disc spinning on a vertical axis. A formed track 

mounted on its upper face captures the fuel pellet, which is introduced 

to the upper facc of thc disc cluse Lu ~ h r .  r:rnrraS h ~ . ~ h ,  'l'he p e l d o t  io 

accelerated along the track by centrifugal force and leaves 'the disc 

through a tube connected to the plasma chamber. The rotational speed of 

the disc, disc diameter, track geometry, and pellet characteristics such 

as friction coefficient govern the ejection velocity and trajectory. 

Principal subassemblies of the injector mechanism are the rotating disc 

with its drive and the device that forms the solid (frozen) D-T pellets, 

as shown in Fig. 2-8. 

The entire assembly is housed in a vacuum tight container with a 

tube that connects the main unit with t h e  plasma chamber and ocrvea as a 

clear passage for pellet entrance to the plasma chamber. The theoretical 

velocity of the rotating impel.l_er disc. hence the. p ~ 1 1  ~ t '  injection 

velocity, is limited by the strength of the impeller. With advanced 

composite materials and optimum conditions, a 5000-m/sec velocity can be 

achieved. With high strength-to-weight metals, 3500 m/sec may be the 

limit. These theoretical pellet velocity limits may he reduced due to 

friction effects and pellet strength limitations. 

Proof of concept e x p e r i ~ u e n t s  conducred at OKNL have resulted in 

pellet velocities of 290 m/sec with 1-bm-diam pellets and a repetition 

rate of 150 pellets/sec. Other centrifugal injector concepts are 

presently under investigation, including an approach in which the 

impeller shears off the extruded pellet, which is deposited directly 

into the track. 
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2.7 HYPERVELOCITY ACCELERATORS 
d 

Hyperveloci ty  a c c e l e r a t o r s  o r  " l i g h t  gas gunst' have been developed 

f o r  many a p p l i c a t i o n s  i n c l u d i n g  NASA sponsored s t u d i e s  of micrometeori te  

e f f e c t s .  B a s i c a l l y ,  a p r o p e l l a n t  o r  low temperature,  h igh  p re s su re  gas 

i s  used t o  compress a d r i v e r  gas t o  h igh  temperature and pressure .  The 

d r i v e r  gas  then  pushes on t h e  base of t h e  p r o j e c t i l e  and expels  i t  from 

a launch  tube. 

An e x t e n s i v e  l i t e r a t u r e  survey of hyperve loc i ty  a c c e l e r a t o r s  was 

made and r e s u l t e d  i n  approximately 2000 d i f f e r e n t  l i s t i n g s .  Se lec ted  

l i s t i n g s  are presented  i n  Appendix A. 

The more commonly used l i g h t  gas guns f a l l  i n t o  two b a s i c  c l a o s i f i -  

c a t i o n s .  The f i r s t  i s  a gun where gas is  compressed a d i a b a t i c a l l y  and 

i s e n t r o p i c a l l y  by a s lowly a c c e l e r a t e d  heavy p i s ton .  A t  a predetermined 

chamber p r e s s u r e  a break  v a l v e  opens and t h e  gas a c c e l e r a t e s  t h e  projec-  

t i l e  down t h e  b a r r e l .  I n  e a r l y  v e r s i o n s  t h e  tapered t r a n s i t i o n  s e c t i o n  

w a s  ve ry  s h o r t ,  and t h e  p i s t o n  was dece l e ra t ed  by t h e  gas p re s su re  i n  

t h e  pump tube  o r  by jamming i n  t h e  s h o r t  t ape r .  S i g n i f i c a n t  advances i n  

c a p a b i l i t y  were achieved when the  t r a n s i t i o n  s e c t i o n  was made a gentle 

t a p e r  a s  shown i n  F ig ,  2-9. The heavy p i s t o n  i s  of a r e a d i l y  def0rmab1.e~ 

low c o m p r e s s i b i l i t y  m a t e r i a l  (such a s  p l a s t i c )  which i s  extruded through 

t h e  t a p e r  and i n t o  t h e  va lve .  A very h igh  compression r a t i o  i s  achieved,  

and t h e  l i g h t  gas  r e s e r v o i r  is  given a s i g n i f i c a n t  v e l o c i t y  component 

which is  unava i l ab l e  i n  o t h e r  types of guns. This  type  of gun approaches 

t h e  i d e a l  - one i n  which t h e  p r o j e c t i l e  base p re s su re  i s  he ld  cons t an t ,  

j u s t  below t h e  p r o j e c t i l e  des ign  l i m i t ,  dur ing  t h e  launch cyc le .  

'Che secund i s  t h e  a d i a b a t i c ,  non i sen t rop ic  compressioll gun. The 
', 

r e s e r v o i r  of h igh  en tha lpy  gqs i s  p r n d v c ~ d  by s i n g l e  sr m u l t i p l e  r c f l c e  

t i o n s  of a s t r o n g  shock wave w i t h i n  t h e  pump tubc. F igure  2-10A shows a 

no-pis ton type making u s e  of a s i n g l e  shock wave r e f l e c t i o n .  I f  a 

l i g h t w e i g h t  p i s t o n  i s  used, m u l t i p l e  shock r e f l e c t i o n s  occur  between t h e  

f r o n t  f a c e  of t h e  p i s t o n  and t h e  pump tube,  r e s u l t i n g  i n  a h igher  tem- 

p e r a t u r e  r e s e r v o i r  of gas .  This  is  used i n  a three-s tage  shock heated 

gun (Fig. 2-10B) which, i n  e f f e c t ,  uses  a l i g h t  gas gun t o  a c c e l e r a t e  

t h e  p i s t o n .  The d isadvantage  of t h i s  type i s  t h a t  i t  does n o t  approach 
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i d e a l  gun performance, and t h e  s t r o n g  shock waves make i t  d i f f i c u l t  t o  

launch soph i s t i ca t ed .  p r o j e c t i l e s .  

Hypervelocity a c c e l e r a t o r s  a r e  capable  of handl ing t h e  v e l o c i t y  and 

p e l l e t  m a s s  combinations needed f o r  TNS wi th  high s t r e n g t h  ( m e t a l l i c  o r  

p l a s t i c )  p e l l e t s .  This  i s  r e a d i l y  seen  i n  t h e  eva lua t ion  by R. Flagg of 

Physics  I n t e r n a t i o n a l  which is  presented  a s  Fig.  2-11. However, t h e  use  

of f rozen  hydrogen o r  D-T a s  a  p e l l e t  p re sen t s  s e r i o u s  p e l l e t  i n t e g r i t y  

concerns f o r  t h i s  type  of i n j e c t o r  due t o  p e l l e t  shock, a c c e l e r a t i o n ,  

and f r i c t i o n a l  hea t ing  i n  t h e  b a r r e l .  

These devices  a r e  b a s i c a l l y  s ing le-shot  i n j e c t o r s .  Even wi th  

m u l t i p l e  guns i t  i s  no t  apparent  t h a t  t h e  TNS r e p e t i t i o n  r a t e  can be 

a t t a i n e d .  A v a r i a t i o n  suggested by   la^^^ is  t h e  .use of m u l t i p l e  

i n j e c t o r s  (e .g . ,  s i x  o r  seven tubes)  d r iven  by a  s i n g l e  gun which could 

provide m u l t i p l e  p e l l e t s  i n  a. "burst"  mode. Mul t ip l e s  of t h i s  type  

could be  employed. However, even t h i s  approach does n o t  appear t o  have 

t h e  c a p a b i l i t y  of s a t i s f y i n g  TNS, which w i l l  r e q u i r e  a  cons t an t  s t r e a m ,  

of p e l l e t s .  
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3. PELLET CHARACTERISTICS 

3.1 MECHANICAL PROPERTIES 

Analysis  of va r ious  i n j e c t i o n  devices  used t o  a c c e l e r a t e  and i n j e c t  

s o l i d  f u e l  p e l l e t s  a t  h igh  v e l o c i t i e s  has  shown t h a t  t h e i r  s u c c e s s f u l  

ope ra t ion  is  h igh ly  dependent on t h e  phys i ca l  p r o p e r t i e s  of t h e  p e l l e t .  

Therefore,  i t  is  necessary  t o  know t h e  p r o p e r t i e s  of t h e  p e l l e t  and of 

m a t e r i a l s  con tac t ing  t h e  p e l l e t .  Near-term experimental  tokamaks a r e  t o  

be fue l ed  by s o l i d  hydrogen p e l l e t s .  Fusion demonstrat ion p r o j e c t s  and 

a c t u a l  power gene ra to r s  w i l l  use  f rozen  D-T. Many of t h e  p e l l e t  mechan- 

i c a l  p r o p e r t i e s  a r e  un te s t ed ,  and hydrogen and D-T p e l l e t s  a r e  suspected 

t o  be  r e l a t i v e l y  f r a g i l e .  S ince  t h e  proposed devices  seem t o  impose 

r e l a t i v e l y  h igh  loads  on t h e  p e l l e t s ,  v e l o c i t i e s  may have t o  be  reduced 

t o  l i m i t  loads.  The use  of t h e s e  devices  is  r e l a t i v e l y  new, and inves- 

t i g a t i o n s  of devices  and methods of a c c e l e r a t i n g  p e l l e t s  t o  t h e  proposed 

v e l o c i t i e s  have i l l u s t r a t e d - t h e  l a c k  of information concerning m a t e r i a l  

p r o p e r t i e s  t h a t  i n f luence  a n a l y s i s  and tend t o  reduce confidence i n  

des igns .  F igure  3-1 t a b u l a t e s  t h e  des i r ed  mechanical p r o p e r t i e s  and 

i l l u s t r a t e s  t h e  l a r g e  a r e a s  where information i s  lacking .  

It was beyond t h e  scope of t h e  s tudy  t o  i n v e s t i g a t e  a l l  material 

p r o p e r t i e s ,  b u t  t h e  l i t e r a t u r e  search  performed p lus  pe r sona l  con tac t s  

w i t h  i n d i v i d u a l s  and c e n t e r s  concerned wi th  f u e l  p e l l e t s  and f u e l i n g  - 
notably  LLL and LASL - have s u b s t a n t i a l l y  covered a r e a s  where t h e  major 

gaps occur.  

One of t h e  few sources  desc r ib ing  mechanical p r o p e r t i e s  of f rozen  

hydrogen based on experimental  r e s u l t s  w a s  found i n  Ref. 11. Figure  3-2 

i l l u s t r a t e s  some.of t h e  t e s t e d  p r o p e r t i e s  of hydrogen and deuterium a t  

cryogenic temperatures ,  a l l  made on t e n s i l e  specimens. 

Appendix B desc r ibes  t h e  vapor pressure ,  compres s ib i l i t y ,  d e n s i t y ,  

and h e a t  of subl imat ion  f o r  H,  D,  T, and D-T (es t imated)  based 0.n corre-  

l a t i o n s  wi th  known d a t a  a s  compiled by P. C. Souers of L L L . ~ ~  

Due t o  t h e  l a c k  of in format ion  on D-T p rope r t i e s , .  t h e  experimental  

deformation c h a r a c t e r i s t i c s  of s o l i d  D2 have been s t u d i e d  from 1.4-16.4K 

( ~ e f  . 13) .  f n  Fig.  3-3 we  summarize t h a t  .data .  F igure  3-4 is  included 
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t o  i l l u s t r a t e  t h e  behavior  reg ions  t h e  m a t e r i a l  undergoes a s  t h e  s t r a i n  

i s  increased .  The f i r s t  r eg ion  is  t h e  e l a s t i c  reg ion ,  i n  which t h e  

s t r a i n  is  p r o p o r t i o n a l  t o  s t r e s s ,  and a l l  e f f e c t s  a r e  r e v e r s i b l e .  From 

Fig.  1 i n  t h e  r e f e r e n c e ,  we have e x t r a c t e d  t h e  y i e l d  s t r a i n  ( t h e  longi -  

t u d i n a l  deformat ion) ,  Eg , and y i e l d  s t r e s s ,  E . We may talcc t h e s e  , 

S 

v a l u e s  as t h e  end p o i n t s  of t h e  e l a s t i c  reg ion ,  a l though s t r i c t l y  speak- 

i n g ,  t h e  y i e l d  p o i n t s  a r e  s l i g h t l y  f u r t h e r  on. l 4  Also included i s  

Young's modulus f o r  t h e  e n t i r e  e l a s t i c  reg ion ,  E, i n  which 

where E and o  a r e  t h e  s t r a i n  and s t r e s s  a t  any o t h e r  p o i n t  i n  t h e  e l a s t i c  

r eg ion .  Young's modulus is  the amount of p re s su re  needed t o  cause a  

f r a c t i o n a l  deformation of 1 (100% extens ion)  i f  t h e  e l a s t i c  reg ion  

extended t o  such l a r g e  e longat ions .  For D 2 ,  i t  does n o t  - t h e  e l a s t i c  

r e g i o n  i s  ended a f t e r  on ly  0.001-0.002 f r a c t i o n a l  l e n g t h  change. 

Young's modulus i s  a l s o  confusing i n  t h a t  i t  desc r ibes  t h e  s t r e s s  a s  a  

f u n c t i o n  of t h e  s t r a i n .  Actua l ly ,  of course,  t h e  s t r e s s  is t h e  p re s su re  

t h a t  causes  t h e  deformation of t h e  s t r a i n .  

Beyond t h e  e l a s t i c  r eg ion  is  t h e  e l a s t o p l a s t i c  r ~ . ~ i n n .  Here, t h e  

d e r i v a t i v e  do/de i s  a f u n c t i o n  of E and is now c a l l e d  the c n e f f i r i ~ n t  n f  

hardening,  K. We have 

where E i s  t h e  necking s t r a i n  marking t h e  end o c t h e  e l a s t o p l a s t i c  B 
r eg ion .  The equat ion  i n d i c a t e s  t h a t  i t  r e q u i r e s  l e s s  s t r e s s  t o  produce 

more s t r a i n .  When t h e  s t r e s s  is  reduced t o  zero,  moreover, t h e  s t r a i n  

does n o t  f u l l y  d isappear  b u t  reduces t o  t h e  va lue  E - E (permanent s 
s e t ) .  F igure  3-3 l ists  t h e  p r o p e r t i e s  f o r  t h i s  reg ion  f o r  s o l i d  D2 ( see  

a l s o  F ig .  1 of t h e  r e f e r e n c e ) .  The va lue  of K a t  2cS i s  a t  t h e  same 

p o i n t  r e l a t i v e  t o  cs f o r  each temperature,  and i t  shows t h a t  indeed 

K < E.  The necking s t r a i n  and s t r e s s  mark t h e  end of t h i s  r eg ion ,  where 

K has  f a l l e n  t o  zero.  The realm of massive f a i l u r e  comes next .  



In the massive failure region, the derivative da/ds becomes nega- 

tive, meaning that the sample continues to deform as long as any stress 

at all is applied. The final strain and, stress values in the D2 experi- 

ment are taken to be the "relative elongation" and "strength" from 

Table 1 of the reference. The 1.4-4.2K samples apparently shattered at 

the limit of the maximum observed strain. Microscopic cracks appeared 

in the 8.0-11.6K samples but the 15.6K and 16.4K samples simply con- 

tinued to neck down. 

3.2 DETERMINING PELLET CAPABILITIES 

The analyses of pellet loads encountered during injection were 

performed parametrically because of the uncertainty of the actual 

physical properties of the frozen D-T and its response to applied loads. 

For instance, one assumption could be that the pellet would respond to a 

dynamically applied load and deform to match a contacting surface, 

thereby reducing bearing stresses. A preliminary examination showed 

that the pellets must undergo high strain rates and enter the plastic 

deformation region to conform to this assumption. This strain may cause 

increases or decreases in the material allowables, depending on load 

application. D-T appeared relatively ductile at temperatures of 12-16K, 

but the pellet m y  also shatter or shear off small sections because of  

its undefined crystalline infrastructure. Other factors, such as 

pellet groove shapes and loads applied to a pellet closely fitted within 

a pneumatic tube and exposed to near explosive dynamic gas pressure, 

tend to affect the rate of strain deflection and the aitual unit stresses. 

The study examined the effects of friction. If significant coeffi- 

cients of friction are applied, reduced pellet velocities will result, 

or the timing injection of the accelerated pellet way be erratic or 

intermittent due to frictional contacts. Basic data must become avail- 

able before success of solid pellet injection mechanisms can be confi- 

dently predicted. 

Two methods for deducing some properties are actual testing to 

determine the desired physical properties and testing the reactions of 

pellets in actual injection devices. Properly conducted material tests 



t o g e t h e r  w i t h  a n a l y s i s  can speed r e s u l t s  and u l t i m a t e l y  reduce c o s t s .  

Ana lys i s  a l o n e  cannot  a c c u r a t e l y  p r e d i c t  t h e  des ign  performance of 

p e l l e t  i n j e c t o r s .  

In  o rde r  t o  determine t h e  a b i l i t y  of t h e  D-T f u e l  t o  wi ths tand  t h e  

a c c e l e r a t i o n s  necessary  t o  achieve  t h e  assumed i n j e c t i o n  v e l o c i t i e s ,  an  

a t t e m p t  w a s  made t o  r e s e a r c h  e x i s t i n g  phys i ca l  p r o p e r t i e s  d a t a  of s o l i d  

deuter ium and t r i t j l l m .  I n  a d d i t i o n ,  an  ex tens ive  l i t e r a t u r e  s ea rch  w a s  

implemented ' for  p h y s i c a l  p r o p e r t i e s  d a t a  on cryogenic D-T. We a r e  

g r a t e f u l  f o r  p r e p u b l i c a t i o n  m a t e r i a l  on t h e  es t imated  p r o p e r t i e s  of D-T 

(Appendix B) t h a t  D r .  P. C. Souers of LLL has  suppl ied  f o r  t h i s  r e p o r t .  

As of t h i s  d a t e ,  no a c t u a l  t e s t s  have been performed t o  v e r i f y  t h e  

e~ Lllllacet;. 

I n  summary, we have discovered l i t t l e  a c t u a l  t e s t  d a t a  on phys i ca l  

p r o p e r t i e s  of f r o z e n  D-T. Thcse p r o p e r t i e s  can only  be deduced I rum 

hydrogen and deuter ium tests and e x t r a p o l a t i o n  of c a l c u l a t e d  va lues  of 

known chemical p r o p e r t i e s  of D-T. 

3 . . 2 . 1  Mate r i a l  T e c t i n g  

The v a r i o u s  dev ices  used t o  a c c e l e r a t e  p e l l e t s  have been reviewed. 

Force is  always r e q u i r e d  t o  impart  motion; how t h i s  f o r c e  i s  app l i ed  and 

the t i m e  of a p p l i c a t i o n  are c r i t i c a l .  For example, t h ~  muzzle velucity 

of a h i g h  powered r i f l e  is  approximately 1 kmlsec, and t h e  s tudy  

r eques t ed  a review of dev ices  producing up t o  10  km/sec. The p r o j e c t i l e  

m a t e r i a l  involved i s  a f r o z e n  gas,  e i t h e r  hydrogen, deuterium, a mixture 

of deuter ium and tritium, o r  perhaps two p r o j e c t i l e s  w i th  one gun de l iv -  

e r i n g  deuter ium and t h e  o t h e r  t r i t i u m .  A l l  of t h e s e  m a t e r i a l s  a r e  

p h y s i c a l l y  wcak and, below 12K, probably b r i t t l e .  Sec t ion  3.1.1 d i s -  

cus ses ,  as an exampie, che behavior  of deuter ium under load .  

We asses sed  t h e  requirements  t o  t e s t  f o r  s t r a i n  r a t e s ,  one of t h e  

more c r i t i c a l  D-T phys i ca l  p r o p e r t i e s ,  and desc r ibe  a promising method 

of performing t h e  t e s t c .  P c l l c t s  are impulsively loaded i l l  culupression, 

b u t  t h e  only  d a t a  found dur ing  t h e  s tudy  w a s  generated f o r  t e n s i l e  

specimens. Knowing m a t e r i a l  mechanical p r o p e r t i e s  can g r e a t l y  s imp l i fy  

t h e  des ign  of p e l l e t  a c c e l e r a t o r s  and reduce c o s t l y  mechanical t e s t s  and 



machine modifications. A method of determining the stress-strain 

relation of materials when stresses are applied for times of the order 

of 20,~'psec is outlined. It is based on a technique for the measuremenf ,, 
,It ,I' 

~f'i;~ternal dynamic stresses in rods using explosive shock waves. ,: ,!' . . 

Figure 3-5 illustrates the principal test components required. The 

transducer (piezoelectric-quartz-crystal disc) is sandwiched with epoxy 

adhesive in a Hopkinson pressure bar arrangement to compare its output 

from the center electkdde area witti surface mounted strain,gages. Test 
. ,  . 

methods that would bel'employed for tensile, compressive, grid friction 

tests (which must be done at cryogenic temperatures in vacuum) are not 
3:- 

; u ...-...... . . . !'.A .. 

simple, but are well within present capabilities. 

It appears that T and D-T tests will be similar but not identical 

because of the uncertain nature of granular structure of deuterium and 

tritium in mixed frozen gas. D-T is expected to be more brittle and 

fracture prone than pure hydrogen or deuterium,' but this assumption is 

subject to test. 

3.2.2 Physical Tests with Accelerating Devices 

Because ORNL has built and tested a pneumatic gun and a centrifugal 

pellet injector, it is quite possible that these devices will provide 

data that will remove some doubts about pellet behavior. 

Scaling up pellet size and weight and closely controlling dimensions 

can, with changes of barrel length and driving pressure, provide trending 

data on friction and pellet reaction to a compressive load. Actual exit 

muzzle velocity can be compared tn theoretical calculations, and with 

the use of a gas other than hydrogen for a driver, pellet losses due to 

friction or fracture can be chemically tracked. Recent evaluations of 

pneumatic gun data6 showed pellet velocities approximately 20% less than 

predicted by an idealized constant area expansion process. 

The centrifugal slinger can also be employed by making modest 

changes of track geometry and pellet size (to simulate D-T pellet masses), 

and by varying the rotational speed of the impeller. High speed photog- 

raphy can be used on either unit to photograph pellet behavior under 

loads. 
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F i g .  3-5. General arrangement of modified Hopkinson p r=su re  bar .  



3 . 3  ANALYSIS OF PELLET LOADS - CENTRIFUGAL PELLET INJECTOR 

I n  t h e  i n i t i a l  phases of t h e  .study and from pre l iminary  ana lyses  t o  

prove machine f e a s i b i l i t y ,  i t  was shown t h a t  p e l l e t  loading  f o r  TNS 

a p p l i c a t i o n s  was indeed seve re  and could conceivably govern o r  l i m i t  

permiss ib le  a c c e l e r a t i o n  f o r c e s .  For t h e  purpose of e s t a b l i s h i n g  t r ends  

and scoping loads  encountered by p e l l e t  a c c e l e r a t i n g  devices ,  t h e  ORNL 

c e n t r i f u g a l  p e l l e t  i n j e c t o r  was used as a n  example i n  t h e  fo l lowing  

ana lyses .  Since t h e  p e l l e t  i s  subjec ted  t o  impact l oads ,  h igh  s t r a i n  

r a t e s ,  and s l i d i n g  f o r c e s  on t r a c k s ,  loads  and e f f e c t s  of f r i c t i o n  were 

ca l cu la t ed  us ing  probable m a t e r i a l  p r o p e r t i e s  and changing impe l l e r  s p i n  

speeds. 

3.3.1 Dynamic Loads 

For t h e  ORNL geometry, t h e  p e l l e t  i s  i n i t i a l l y  de l ive red  t o  t h e  

impel le r  from t h e  c u t t e r  a t  ~ 1 4  m/sec and a t  ~ 4 5 ~  t o  t h e  impel le r  d i s c .  

The des ign  p e l l e t  e x i t  v e l o c i t y  (V ) is  940 mlsec. It was assumed t h a t  e  
t h e  p e l l e t  t r a j e c t o r y  1-eaving t h e  c u t t e r  would no t  be  p e r f e c t ;  t h e r e f o r e ,  

t h e  dynamic loads  encountered by t h e  p e l l e t  a s  i t  w a s  s t r u c k  by t h e  
. ,. r a p i d l y  moving s u r f a c e  of t h e  impe l l e r  t r a c k  were c a l c u l a t e d  f o r  " m i s s "  

d i s t a n c e s  of 0.5 and 1.0 cm from rlle hub, a s  w e l l  as f o r  t h e  design 

c o n t a c t  p o i n t  i n  t h e  hub groove. Ce r t a in  s imp l i fy ing  assumptions were 

made as t o  t h e  o r i e n t a t i o n  of t h e - p e l l e t  i n  r e l a t i o n  t o  t h e  groove 

geometry uf the impel le r .  The a n a l y s i s  i s  i ,nc l .~~ded i n  Appendix C.  

Resu l t s  i n d i c a t e  t h a t  t h e  p e l l e t  i n i t i a l l y  rece ived  an  impact load  of 

~ 5 5 0  p s i  when p e r f e c t l y  placed and loads  of %4650-8400 p s i  i f  i t  "missed" 

by 0.5 t o  1 .0  cm. Although some of t h e  s imp l i fy ing  assumptions. uf 

i n i t i a l  con tac t  geometry were subsequent ly r ev i sed ,  t h e  imposed s t r e s s e s  

a r e  s t i l l  extremely high i n  r e l a t i o n  t o  those  assumed a l lowable  f o r  D-T 

(60-80 p s i ) .  



3 . 3 . 2  Strain Rate 

Pellet loads were investigated for two types of strain, those 

associated with static or low rates of strain and those associated with 

impact or high rates of strain. At high strain rates, materials m a y  not 

respond to the applied load, thereby exhibiting apparently higher stress 

allowables than in static load application situations. Since no data 

was discovered on either static or dynamic compressive strain D-T 

allowables, an analysis (Appendix D) was performed t n  determine the 

strain rate and its effect. The analysis considered the behavior of a 

material in relatfvn to i.r.s mnduluo of elaoticity, E, the rime 

constant of load. For the examples used, the initial impact load rau11l.t~ 

indicate tbat the material is subjected to strain rates of %lo3-lo4 in./ 

in./sec. In that range it behaves in an elastic manner and "sees" the 

applied load. The analysis implies that the pellet will behave in 

traditional fashion and will deform under the applied load. 

3.3.3 Interrelation of Materials 

Local stresses of contacting bodies are governed by the geometry of 

the contacting surfaces and the relative modulus of elasticity o f  the 

two contacting materials. The contact stresses (Hertzian) of a H pellet 

with an impeller track that presumes low clearance between pellct and 

groove were calculated. Kevlar, a high strength/weight plastic material, 

was used for the track as an example. Kcvlar is soIt in relation to any 

metals considered, but analysis shows that thu pellct is so s o f ~  in 

relation to any probable contacting mterial that relative track defor- 

. mation is negligible. The analysis and rationale are detailed in 

Appendix E. 

3.3.4 Friction Effects 

In all of the devices examined, the fruzen pellet slides on a 

surface, usually under significant load. Friction can retard accelera- 

tion, resulting in lower injection velocities, or generate heat, which 

raises the surface temperature and causes some ablation. The actual 



coefficient of friction of contacting surfaces has not been measured for 

H, D, or, most importantly, frozen D-T pellets. An analysis of the ORNL 

impeller disc was made assuming that 0.4-cm-diam cylindrical D-T pellets 

were used to calculate the effect of.friction and to gage the reduction 

of pellet injection velocity. Figure 3-6 shows the calculated exit 

velocity of the centrifugal injector with assumed coefficients of fric- 

tion. The analysis uses the modified ORNL pellet cutter and a higher 

initial delivery velocity (V = 100 mlsec) to the impeller. A loop 
in 

configuration was also used in this study 'for geometric comparison 

purposes. Computer analysis results show a significant reduction in 

pellet exit velocity with increasing friction. It must be noted that 

the loop originates at the center of the disc, and therefore a finite 

injection velocity must be imparted to start accelerating the pellet. 

In Fig. 3-6, Vin = 11 m/sec is assumed for the loop. 

It has been postulated that the pellets will ablate, generate a 

thin gas blanket, and thus be insulated from contacting surfaces. If 

this occurs, the resultant viscous drag coefficient of friction will be 

very low. If, however, the contact forces are higher than the pressure 

generated by the ablation gas blanket, then contact between material 

surfaces will occur with a friction coefficient yet'to be determined. 

Based on test results, the present system does not seem to he affected 

at low speeds. 

3.3.5 Pel1e.t Performance Summary 

The test cases examined in our analysis led to these conclusions. 

The mechanical physical properties of D-T will be essentially 

the same as those of H or D., LLL expects that the frozen D-T 

will be slightly stronger than H or D and probably less ductile. 

Application of the strain rates that we have calculated shows 

that the rates of strain application, even in the dynamic impact 

load applications, are not high enough to provide higher 

dynamic strength allowables partly because of the assumed Low 



ORNL-DWG 79-2720 FED 

ORNL 

PELLET EXIT VELOCITY (V,), 
IMREC 

Fig.  3-6. F r i c t i ~ n a l  e f f e c t s  on e x i t  ve loc i ty .  



E of the D-T. Our load analyses are nonconservative in that 

we did not consider Hertzian contact stresses but assumed 

full area contact in all cases. 

Friction can be a problem in injection devices in which the 

pellet contacts the accelerating device. 

3.4 PELLET DELIVERY RATES 

During the study, the estimated TNS requirements provided guide- 

lines which influenced injector capabilities, installation, and sizing 

of fuel storage capacities. 

~ u e l  delivery during ignition steady state is estimated at s0.21 

gm/sec. Approximately 20% of this quantity is absorbed in the plasma 

and consumed in the fusion process. The remainder is collected by the 

divertors or scraped off by the plasma limiters and removed by the 

vacuum pump to be separated from unwanted materials by recycling systems 

and then reinjected. 

Pellet sizes suitable for TNS application range from 0.3-0.6-cm 

diam. Generally, the larger the pellet, the lower the injection velocity 

required to penetrate a given distance into a plasma, a situation which 

eases machine design requirements. However, there are limits to the 

physical size of a pellet that can be introduced into a plasma without 

extensively cooling or quenching it. The present mass limit for TNS 

pellets, based on quantity of lost and consumed fuel, is approximately 

10-15% of the total fuel in the plasma chamber. 

Two methods of producing frozen pellets from liquid gases are 

common. One method manufactures pellets by freezing D-T material, 

extruding the material through a properly sized nozzle, and then mechan- 

ically cutting the extruded stream into predetermined lengths. The 

other method requires forcing liquid D-T at the triple point temperature 

(~20K) through a nozzle into a high vacuum chamber. The liquid stream 

is broken into droplets by various means and the droplets, by the mecha- 

nism of surface tension, tend to form a spherical shape. Each droplet -. 
cools to the freezing point by surface evaporation and conduction from 

within the surface. This  metrliud llas been succc~sfully emp1r:iyeil i.n 



forming f rozen  s p h e r i c a l  p e l l e t s  up t o  ~0.3 cm, b u t  i t  i s . n o t  c e r t a i n  

t h a t  l a r g e r  p e l l e t s  can be produced i n  t h i s  fash ion .  The p r a c t i c a l i t y  

and n e c e s s i t y  of  s o l i d l y  f r e e z i n g  l a r g e r  d r o p l e t s  i n  a  reasonable  time 

are a l s o  ques t ionable .  A s u f f i c i e n t l y  t h i c k  f rozen  s h e l l  may provide  

f o r  adequate  p e n e t r a t i o n .  

F igu re  3-7 p r e s e n t s  t h e  weight of va r ious  s i z e  p e l l e t s  and t h e  

number of p e l l e t s / s e c  needed t o  s a t i s f y  a D-T f u e l  requirement of 0.20 

gm/sec. F igure  3-8 i l l u s t r a t e s  t h i s  d e l i v e r y  r a t e  f o r  both c y l i n d r i c a l  

and s p h e r i c a l  p e l l e t s .  It a l s o  i l l u s t r a t e s  t h e  h igh  d e l i v e r y  rate 

r e q u i r e d  f o r  s m a l l  p e l l e t s  and imp l i e s  t h e  h igh  i n j e c t i o n  v e l o c i t i e s  

t h a t  would be r equ i r ed .  Lower d e l i v e r y  r a t e s  reduce impel le r  o r  pneu- 

m a t i c  g u i  ~rquirements, and ins rea%in& t h e  p e l l e t  weight has  a fiegli-  

g i b l e  e f f e c t  on machine performance. The d i f f i c u l t y  of provid ing  

cont inuous  r a p i d  d e l i v e r y  r a t e s  g r e a t l y  inf luences t h e  e f f e c t i v e n e s s  of 

cand ida t e  i n j e c t o r  systems. 
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Fig. 3-7. Fuel pellet mass and geometry. 
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4. CANDIDATE INJECTORS 

The TNS requirements established ranges for pellet parameters such 

as velocity, delivery rate, size, and, indirectly, mass. In addition to 

assessing the fueling concepts against these requirements, we also 

considered other factors necessary to successfully deliver the fuel to 

the plasma. These factors included the pellet formation technique and 

the ability to produce large pellets, the injection loads on the admit- . 
tedly weak pellet, and the probability of the injection concept intro- 

ducing contaminants into the plasma. 

The fueling concepts are in an early stage of investigation and 

only the centrifugal pellet injector and pneumatic gun have progressed 

to the test hardware stage. Thus, the evaluation of some concepts was 

highly subjective, and the advantages and limitations of all of the 

concepts are not well defined. Several concepts (e.g., electrical 

methods charging the pellet or encasing it in a conducting carrier) were 

eliminated at the outset of the study since former studies2,15 had 

judged them impractical for tokamak fuel pellet injection. 

Figure 4-1 illustrates the categories used in the rating as well as 

the theoretical velocity limits. In addition, velocities attained in 

experiments are showri as are estimates of the probable operating limits. 

Based on the rating, three methods were recommended for further 

investigation: 

centrifugal pellet injector 

pneumatic gun 

pressurized fluid. 

Of the three, the centrifugal pellet injector has the inherent capacity 

for providing high velocity and delivery rate for a range of pellet 

sizes. A demonstration device has already yielded a .repetition rate of 

150 pcllets/sec with 1-mm-diam pellets. 

The pneumatic gun has already demonstrated the minimum required 

velocity for TNS. Engineering development is needed to improve delivery 

rate. 



ORNL-DWG 79-2697 FED 

0 loo0 Z M X )  3000 4000 5000 

PELLET INJECTION VELOCITY IMETERSISECI 

@. NO PELLET - VELOCITY NIP 

.P 

.B 

PELLET INJECTION VELOCITY 

PLASMA 
CONTAMINATION 

POSSIBIL'TY 

NONE 

QUESTIONABLE 

QUESTIONABLE 

QUESTIONABLE 

LOW 

LOW 

HIGH 

THEORETICAL LIMIT 

PELLET 
SURVIVABILITY 

IN 
VELOCITY RANGE 

NIA 

N IA  

QUESTIONABLE 
R E 0  TESTS AT 
VEL > 1 KM. 

QUESTIONABLE 

N IA  . 

R E 0  TESTING 

UNKN0W.N 

, 

3 NO TESTS WISH UFRAGILE PELLETS 
10 KMISEC WbTh METAL & PLASTIC 

t- 1 DESIRED 

PRINCIPLE VELOCITY 
( RANGE I 

0 GAS INJECTION 
(PUFFING) 

--. 
GAS L J  ! I 

I DYNAMIC I I 

Fig. 4-1. Fuel injsctor comparisons. 

I I I I I 

DIFFICULTY 
FORMIN; 
LARGE 

PELLETS 

N I A  

M3DERATE 

LOW 

HIGH 

LOW 

LOW 

LOW 

1 
PNEUMATIC 

REQUIRED 
INJECTION 
VELOCITY 

W /A 
IPENETRATION 
QUESTIONABLEI, 

MARGINAL 

SATISFACTORY 

SATISFACTORY 
(PENETRATION 
QUESTIONABLE) 

UNACCEPTABLE 

SATISFACTORY 

QUEST'0NABLE 

GUN 

DELIVERY 
RATE 

~ ~ ~ ~ ~ ~ ~ ~ ~ E ,  

SATl jFACT6EY 

REOUIRES CUT 

REQUIRES C b T  

SAT I :FACTm 

SATI$FACTOAY 

UNACEPTAE,LE 
. 

I 
PRESSURIZED 
FLUID 

ROTAT'IN'G 
HELIX 

I" "') 1 
---?+-A I 

I I 

--- -- J 

-- ------. 
CENTRIFUGAL --t-------+ 

I 

FORCE 

HYPERVELOC(TY 
ACCELERATOR 

! 

1 I I I .  

,--, ' 

----L------L-- -- 
-,,,,-- _--, 

2 1 0  <MiS:C 



Pressur ized  f l u i d  i n j e c t i o n  seems promising, bu t  t h e r e  is  no. 

hardware f o r  t e s t  eva lua t ion .  Del ivery  r a t e  and t h e  a b i l i t y  t o  handle 

p e l l e t s  of TNS s i z e  a r e  s e r i o u s  concerns. 

Unfor tuna te ly ,  none of t h e  recommended i n j e c t o r s  i s  wi thout  devel- 

opmental problems, and p e l l e t  s u r v i v a b i l i t y  is  a  common concern. 

Gas i n j e c t i o n  (puf f ing)  appears  t o  be t h e  s imp les t  method of f u e l i n g  

and is  i n  use  i n  p re sen t  devices .  A s  d i scussed  e a r l i e r ,  i t  is  quest ion-  

a b l e  whether i t  w i l l  work i n  l a r g e r  plasma devices  such a s  TNS. . A  gas 

dynamic i n j e c t o r  has  t h e  problem of producing l a r g e  p e l l e t s ,  d i r e c t i n g  

them accu ra t e ly ,  and a t t a i n i n g  t h e  necessary  v e l o c i t y .  ,The observed 

d i s p e r s i o n  of 0.005-cm p e l l e t s  i n  ORMAK i n d i c a t e s  a  l a r g e  l o s s  of p e l l e t s  

p r i o r  t o  i n j e c t i o n  w i t h  a  consequent undes i rab ly  l a r g e  t r i t i u m  inventory.  

Hyperveloci ty  a c c e l e r a t i o n  has  never been used s u c c e s s f u l l y  w i t h  

f r a g i l e  p e l l e t s .  I n  a d d i t i o n  t o  t h e  p e l l e t  s u r v i v a b i l i t y  problem, t h e r e  

a r e  problems of d e l i v e r y  r a t e  and probable plasma contamination. An 

a t tempt  was made t o  s i m p l i f y  t h e  a c c e l e r a t i n g  ( r o t a t i n g )  h e l i x  i n j e c t o r  

(Fig. 4-2) by inc lud ing  a  s o l i d  f u e l  ex t rude r  and modifying t h e  r o t o r  s o  

t h a t  a  c y l i n d r i c a l  p e l l e t  could be used. Raised lands  on t h e  r o t o r  push 

t h e  a f t  end of t h e  p e l l e t  whi le  t h e  c y l i n d r i c a l  s u r f a c e s  r e s t  on t h e  

r o t o r  s u r f a c e  and on t h e  guide groove i n  t h e  housing. Unfortunately,  

t h e  pe rmis s ib l e  d r i v i n g  f o r c e s  a r e  low and t h e r e f o r e  t h e  a c c e l e r a t i o n  

rimes and dls Lauces aie iiiiprai t i c a l l y  long. 

4.1  CENTRIFUGAL PELLET INJECTOR EVALUATION 

The c e n t r i f u g a l  p e l l e t  i n j e c t o r . r e c e i v e d  a major sha re  of a n a l y s i s  

because i t  seemed t o  have t h e  c a p a b i l i t y  of a c c e l e r a t i n g  both  s m a l l  and 

l a r g e  p e l l e t s  t o  an  accep tab le  v e l o c i t y  range. 

1n  eva lua t ing  t h e  c e n t r i f u g a l  i n j e c t o r  we sought  t o  c a l c u l a t e  t hese  

e f f e c t s  : 

r o t a t i o n a l  v e l o c i t y  needed f o r  a given p e l l e t  e x i t  v e l o c i t y  

by a  s t r a i g h t  r a d i a l  t r a c k  and a semic i r cu la r  t r a c k  

e f f e c t  of i n i t i a l  p e l l e t  i n j e c t i o n  v e l o c i t y  (V. ) on t h e  
i n  

e x i t  v e l o c i t y  
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e f f e c t  of t r a c k  f r i c t i o n  on t h e  e x i t  v e l o c i t y  

e f f e c t  of impel le r  r a d i u s  and s p i n  v e l o c i t y  on t h e  e x i t  v e l o c i t y .  

Appendix F  d e t a i l s  t he  ana lyses  used t o  c a l c u l a t e  t h e s e  e f z e c t s .  

It must be noted t h a t  e a r l y  i n  t h e  s tudy we f e l t  t h a t  s u b j e c t i n g  t h e  

p e l l e t  t o  h igh  dynamic f o r c e s  was no t  d e s i r a b l e ,  and t h e r e f o r e  we sug- 

ges ted  geometry and i n j e c t i o n  methods t h a t  minimized such loading .  

S ince  necessary  m a t e r i a l  p r o p e r t i e s  were unavai lab le ,  t h e s e  ana lyses  

werq performed t o  provide s i z i n g . a n d  t r end ing  d a t a ,  r a t h e r  than  abso lu t e  

answers. 

The demonstrat ion i n j e c t o r ,  shown i n  Fig. 4 - 3 ,  i s  designed t o  

provide  a  940-m/sec e x i t  v e l o c i t y  w i th  0.05-cm-diam c y l i n d r i c a l  H 

p e l l e t s .  Analyses i nd ica t ed  l a r g e  p e l l e t  deformations and Her tz ian  

s t r e s s e s  w i t h  hydrogen p e l l e t s .  By expanding t h e  diameter  of t h e  b a s i c  

i n j e c t o r  des lgn  we e s t a b l i s h e d  t h a t  t h e  p e l l e t  r e a c t i o n  f o r c e  could be 

reduced by i l l c reas ing  t h e  impe l l e r  diameter.  S i g n i f i c a n t  f o r c e  reduc- 

t i o n s  could a l s o  be obta ined  by changing from a s t r a i g h t  r a d i a l  t r a c k  t o  

a  curved t r a c k ,  i n d i c a t i n g  t h a t  t h e  tubu la r  o r  s t r a i g h t  r a d i a l  t r a c k  i s  

n o t  as' e f f i c i e n t  a s  t h e  semic i r cu la r  track. This  conclusion i s  v a l i d  

only  f o r  t h e  c a s e  of c o e f f i c i e n t s  of f r i c t i o n  <0.1. 

Analyses t o  eva lua t e  t h e  e f f e c t  of t r a c k  shape on p e l l e t  e x i t  

v e l o c i t y  w i th  t h e  s a m e  diameter  and impe l l e r  speed show t h e  curved t r a c k  

y i e l d s  a  s i g n i f i c a n t l y  higher  e x i t  v e l o c i t y  f o r  ca ses  w i th  n e g l i g i b l e  

f r i c t i o n .  Moderate f r i c t i o n  ( c o e f f i c i e n t s  of 0.2) reduces t h e  e x i t  

v e l o c i t y ,  and t h e  e f f e c t  on t h e  curved t r a c k  is more s i g n i f i c a n t  than  on 

t h e  s t r a i g h t  t r ack .  For c o e f f i c i e n t s  of f r i c t i o n  >0.25, t h e  p e l l e t  does 

n o t  l e a v e  t h e  curved t r ack .  

For t h e  curved t r a c k  i t  was shown t h a t  i nc reas ing  t h e  i n j e c t i o n  

v e l o c i t y  by 100 m/sec r e s u l t e d  i n  only  a  40-m/sec e x i t  v e l o c i t y  i nc rease .  

This  does n o t  seem t o  warrant  t h e  use  of h igher  i n i t i a l  v e l o c i t i e s  and 

would a l s o  tend LO increase t h e  dynamic p e l l e t  shock loading.  

The problem of a l i g n i n g  t h e  impel le r  e x i t  p o i n t  w i th  t h e  i n j e c t i o n  

tube  to t h e  plasma chamber i s  h igh ly  s e n s i t i v e  t o  p e l l e t  f r i c t i o n ,  A 

v a r i a t i o n  i n  f r i c t i o n  c o e f f i c i e n t  from 0.0-0.05 r e s u l t e d  i n  a 12% reduc- 

t i o n  i n  e x i t  v e l o c i t y ,  and t h e  i n c r e a s e  i n  e x i t  t i m e  corresponds t o  a  
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v a r i a t i o n  i n  angular  pos i t ion  of t h e  impeller  e x i t  point  of approximately 

11'. Thus, any v a r i a t i o n  i n  pel le t - to-pel le t  f r i c t i o n  must be kept  

wi th in  small l i m i t s .  

4.2 PNEUMATIC GUN INJECTOR EVALUATION 

ORNL has constructed a pneumatically powered p e l l e t  i n j  ec to r6  t h a t  

has achieved v e l o c i t i e s  of 1000 m / s e c  and has successful ly  in jec ted  

0.10-cm H p e l l e t s  i n t o  t h e  ISX. Figure 2-6 described t h e  e s s e n t i a l  

f e a t u r e s  of t h e  system; Fig. 4-4 shows a s e c t i o n  of t h e  a c t u a l  apparatus. 

Pressurized l i q u i d  hydrogen gas is introduced i n t o  a chamber below 

t h e  acce le ra to r  gun ba r re l .  Liquid helium c o i l s  surround t h e  mechanism, 

and t h e  hydrogen i s  condensed and f rozen i n t o  a s o l i d  p e l l e t .  The 

chamber i n t o  which t h e  p e l l e t  has been frozen is  designed t o  r o t a t e .  

When ro ta ted ,  it simultaneously shears  t h e  f rozen hydrogen i n  t h e  l i n e ,  

s i z e s  t h e  p e l l e t ,  and l o c a t e s  t h e  s i zed  p e l l e t  i n  l i n e  with t h e  gun 

ba r re l .  A pneumatic pressure  supply rese rvo i r  (helium) with a f a s t  

a c t i n g  shut-off va lve  i n  l i n e  is ,connected t o  t h e  pressure  chamber of 

t h e  gun which I s  upstream of t h e  formed p e l l e t .  When commanded, t h e  

valve  opens and admits d r i v e r  gas t o  t h e  pressure  chamber, thus accel- 

e r a t i n g  t h e  p e l l e t  through t h e  b a r r e l  u n t i l  it reaches t h e  muzzle of t h e  

gun. 

The p e l l e t  passes through an evacuated chamber and rhen Ll~ruugh a 

vacuum t i g h t  d r i f t  tube which permits t h e  p e l l e t  t o  e n t e r  t h e  plasma 

chamber a ~ l d  penetrate the  plasma. The helium used f o r  propel l ing  t h e  

p e l l e t  i s  trapped by a series of b a f f l e s  and valves  s o  t h a t  none is  

admitted t o  t h e  plasma chamber. This experimental apparatus is very 

f l e x i b l e  i n  i t s  a b i l i t y  t o  propel  p e l l e t s  of var ious  s i z e  by modificat ion 

of b a r r e l  length  and diameter and by varying t h e  pressure  of t h e  d r iv ing  

gas. A t  present  it has t h e  capacity t o  f i r e  only a s i n g l e  shot .  

The pneumatic gun i s  bore s ighted,  s o  t h a t  its t r a j e c t o r y  is  w e l l  

defined. A t  present  the  s c a t t e r  is only 0.2O. 

The a b i l i t y  t o  achieve t h e  des i red  de l ive ry  rate of 20-30 p e l l e t s /  

sec is a design problem. A schematic of a system i l l u s t r a t i n g  a way of 

p,rovidinp, mrlltiple sho t s  i n  rap id  sequence is  shown i n  Fig. 4-5. The 



F i g .  4-4. Pneumtic p e l l e t  injector. 
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system cons is t s  of a three-barrelled gun tube, a rotary valve and p e l l e t  

c u t t e r  on a common shaf t ,  and, upstream, a supply chamber t h a t  extrudes 

s o l i d  JbT i n to  th ree  nozzles i n  l i n e  with the three accelerator  tubes. 

The cu t t e r ,  ro ta ry  valve, and accelerator  bar re l s  a r e  a subassembly, a l l  

housed i n  a tank containing the high pressure dr iver  gas, which is 

probably hydrogen. The extruder is  mounted and sealed t o  the upstream 

end of the  pressure chamber. The downstream end of the  tank (toward the 

plasma chamber) is mounted and sealed t o  an expansion chamber from which 

dr iver  gas is exhausted. A sealed ( d r i f t )  tube connects t h i s  expansinn 

chamber from which dr iver  gas is exhausted t o  the plasma chamber. 

Tlrr uperatien 02 ' the p e l l e t  acceleratinn device has four basic 

s teps:  I.) continuous extruding of three so l id  streams of D-T, 

2) sequent ia l  cu t t i ng  of the  streams in to  proper length pe l l e t s ,  3) 

3) pushing the p e l l e t  forward toward the so l id  face of the rotary valve 

by the wedging ac t ion  of rhe c u t t e r  blade and the small Ap obtained by 

admitting a small flow of pressurized gas from the upstream face of the  

r o t o r  t o  the  downstseam face  (vacuum) and, 4) allowing the p e l l e t  t o  

en te r  Fhrough a s l o t  i n  the  ro tor  i n to  the gun barrel ,  a process which 

simultaneously admits a timed quantity of pressurized gas from the 

surrounding pressure tank t o  dr ive the p e l l e t  through the gun barrel .  

Two ba r r e l s  a r e  blocked by the  rQtary  valve during the proccee, reducirig 

t he  Loso of dr iver  gas. Lvsses  durihg the constant small bleed t o  

obtain  t he  pressure d i f f e r e n t i a l  which emplaces the  pe l l e t  before accel- 

e r a t i on  and blow-by during the acceleration cycle w i l l  impose a s izab le  

vacuum pump load t o  prevent undesirable gaseous products from entering 

the  plasma chamber. This system is only one possible avenue f o r  pro- 

ducing a continuous flow of p e l l e t s  and is  l imited only by the prac t ica l  

volume of the- extrusion chamber. - 8 I--* I -  - +.?,. . ,--, , , - 8 m--- --=-_#_'ii~-.q 

4.3 LIQUID JET INJECTOR EVALUATION 

Preliminary s tud ies  of a fueling in j ec to r  based on high pressure 

l i q u i d  jet technology were done by C. Bruno of Physics Internat ional  

under contract  EF-77-C-03-1560 funded by DOE.* Figure 4-6 i l l u s t r a t e s  
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the initial concept; Figs. 4-7 and 4-8 illustrate the injector nozzle 

assembly and a schematic of the installation including identification of 

support subsystems.. 

The injection nozzle design is quite complex; therefore, the pro- 

gram is separating some of the components into more manageable develop- 

ment items. The nozzle high pressure system has higher priority; 

manufacture and test of the nozzle is planned for December 1978 with the 

pelletizer, the mechanism for breaking up the continuous liquid stream 

into droplets, to be started in early 1979. 

The injector is presently designed to produce pellets of up to 

U . 1  cm, but at a low repetition rate (1/5 min). TNS requirements are 

for 0.5-cm-diam pellets at 20-30/sec. The present Physics International 

concept generates a stream of fuel (hydrogen), uses a vibrating nozzle 

to break up the stream, then subjects t h ~  drnplets ts a high vaeuum 

where they freeze by evaporation. Because of the nozzle motion neces- 

sary to develop droplets, they fan out or disperse. Several methods 

might be employed for selecting pellets having the desired trajectory, 

but all of these methods either involve loss of quantities of pelleLs ur 

very precise timing methods to accurately synchronize the pressure 

pulses and nozzle position to provide a desired trajectory. Loss of H 

pellets is of little consequence, bur any substantial loss of D-T is 

highly undesirable because of the increase in tritium inventory. 

If the engineering problems o f  controlling pressure and precise 

timing to control pellet traiectory can he ~nl~ved, fluid injection could 

be a clean, flexible system. Persnnnel of Phy~ico lntcrn~tinnal~ Lrrl 

that providing large pellets ($0.5 cm) will be a rather d i f f i r ~ ~ l  t job, 

and the behavior difference of hydrogen and D-T must be investigated. A 

possible solution of providing rapid rates might involve use of an array 

of nozzles sequentially injecting a metered quantity of fuel. Such a 

system might simplify solenoid or piezoelectric valve design. 
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Fig. 4-7. Tokamak f u e l i n g  i n j e c t o r  
conceptual design. 
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4.4 MAINTENANCE 

It is highly desirable that maintenance concepts be developed in a 

manner such that TNS operating procedures and experience can be trans- 

ferred directly to prototype commercial installations. Downtime on 

commercial reactors must be minimized; therefore, any subsystems that 

could malfunction between scheduled maintenance times must be designed 

for ease of repair or replacement. On-line repair is time consuming and 

may not meet operating guidelines. The environment in the reactor 

building is hazardous for manual maintenance; therefore, semiremote or 

remote equipment must be used. 

It is proposed that each pellet injector be designed as a self- 

sufficient assembly with a minimum number of interface connections. 

Although the three candidate injector systems are dissimilar, there is a 

great deal of commonality in their reactor and building interfaces and 

their supporting system requirements. The common subsystems are: 

electrical power 

pneumatic pressure 

vacuum pump outlets 

D-T supply 

LHe supply 

structural supports. 

The interface of the injector is a drift tube assembly, possibly housing 

a group of tubes and twu vacuuu elght shut-off valvco, one to protect 

the plasma chamber vacuum and the. other to close off the injector 

assembly for events like D-T leakage. Between the valves is a quick- 

disconnect coupling designed for remote handling to break the drift tube 

assembly. All connections except vacuum lines should be gathered into a 

single quick-opening assembly to facilitate removal. Vacuum pump lines 

should be connected with hard valves and quick-disconnect couplings in 

the manner described for the pellet drift tube assembly. 

The concept provides for breaking three quick couplings: the drift 

tube, the vacuum pump line, and the ganged subsystem umbilical assembly. 

With removal of these couplings, the entire injector assembly can be 

transported to a hot cell for repair. 



4.5 RELIABILITY 

The TNS is a complex experimental machine composed of one-of-a-kind 

prototype installations. While rel.;i,ability goals must be set and cer- 

tainly approached as the machine matures and systems are refined, past 

experience shows it to be unrealistic to expect firm maintenance schedules 

to prevail at the outset. 

.Reliability begins initially with good desigr., selection of quality 

components, careful fabrication, and a reasonable amount of preliminary 

testing to eliminate unsuspected faults and infant mortality. Cnnsid- 

ering the complexity and difficulty of maintenance in a hostile environ- 

ment, redundancy of critical compon.ents should be seriously confii,dc.red. 

Even if budgets do not permit duplication of whole assemblies such as an 

entire' injector subsystem, provisions for redundant assembly instal.1.a- 

tions on the machine should be made. The trade-off of downtime costs vs 

cost of redundant equipment is difficult to make on an experimental 

machine, but the ability to demonstrate burn during a malfunction using 

a redundant unit can provide invaluable operating experience for fu ture  

t.er.hnn1 ngy transfer. 

With only concepts available for analysis, prediction of the MTBF 

of a system is unrealistic at this time. A goal of 100 h of operation 

before breakdown or major disassembly would be a reasonable goal at the 

outset, with a three-month disassembly and maintenance operation a 

future goal. 

4.6 OPERATING REDUNDANCY 

There are many single point failures that r.an, result,in machine 

shut-off in the event of malfitnr.t.inns, This study scope doc3 not permit 

a detailed evaluation of optimum'redundancy features, but.it is able to 

suggest some obvious elements of pellet injector systems that benefit 

operations. For example, the pneumatic gun has multiple barrels, 

Jamming of fuel in one barrel reduces the required flow to the plasma 

chamber and degrades performance, but will not result in immediate 

catastrophic shutdown. Our suggestion is an installation having three 

injector assemblies, two operational and the third on standby. The 



three units should be exercised sequentially in rotating pairs in order 

to provide constant operational readiness and reduce the wear of high 

delivery rates by sharing the demand. If a malfunction occurs in one 

injector (like the single jamming of a barrel described above), sensing 

systems would switch on the standby unit with a minimal impact on the 

pellet delivery rate. All units should feature quick removal and reas- 

sembly methods. 

While,the pneumatic pellet injector was used as an example, the 

centrifugal injector or fluid injection systems should also be designed 

for a similar redundancy of operation and installation. 

4.7 SAFETY 

Safety is a key consideration in two areas. The first is the 

design of the machine to avoid operational failures due to component or 

other malfunctions. Second, radiation shielding should be installed to 

maintain the integrity of injector materials exposed to high energy 

neutrons or thermal radiation; this prevents the activation of materials 

that generate radioactive compounds emitting gamma radiation harmful to 

personqel. The type and thickness of material used for shielding is 

dependent on the injector and the particular installation. All of the 

injectors have a common problem. The drift tube which permits the 

pellet to enter the plasma chamber also permits thermal radiation and 

neutrons to penetrate the interior of the injector system. This situa- 

tion triggers activation of injector materials, possibly degradation due 

to tritium permeation, and ultimately requires shielded or remote 

handling means for service of components. A further safeguard which 

should be included in all installations is a second pressure tight 

container to prevent tritium escape into the test chamber environment. 

This will entail a separate pumping system to evacuate L l ~ e  protective 

jacket or additional valvco and piping leading to the main plasma 

chamber vacuum pumping system. 
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5. RECOMMENDATIONS 

Section 4 described the three recommended concepts as potentially 

.meeting TNS requirements and briefly touched on what appear to be short- 

comings or design areas requiring deeper concentration. 

5.1 CENTRIFUGAL PELLET INJECTOR 

1. Analysis of the demonstration injector indicates that the 

940-m/sec ejection design velocity will produce pellet stresses 

high enough to question their physical integrity. For TNS 

application, an analysis should be made to define an optimum 

track geometry, length of track (disc diameter), and rotational 

velocity consistent with the D-T pellet strength. 

2. A mechanism should be designed which will accurately deposit 

the pellet onto the impeller with minimum initial impact load. 

3. A test should be devised which will define the coefficient of 

friction of a large pellet (weight of 0.5-cm D-T pellet) on a 

long track under varying loads and track temperatures. Con- 

sistency of travel time, exit location, and pellet weight loss 

are the principal test objectives, 

5.2 PNEUMATIC GUN 

1. The pneumatic gun should be tested with a longer barrel and 

higher pressure to verify the maximum velocity attainable. 

2. The pneumatic gun should be designed with a mechanism 

permitting delivery rates consistent with TNS requirements and . 

pellet mass. For the purposes of proposed redundancy require- 

ments described previously, there should be a reduction of the 

delivery rate to a fraction of 'the total by increasing the 

number of injectors to be installed. Better definition of 

detail design, materials, and reliability requirements is 

required. 



5.3 FLUID INJECTOR 

1. A proof-of-principle device should be developed and tested. 

2.. If the device proves s~iccessful, the following should be 

under taken. 

a. Design for 0.5-cm cylindrical pellets (D-T mass). 

b. Use multiple nozzles to reduce piezoelectric valve 

rate requirements. 

c. Design nozzles to bore-sight pellet droplets. Investigate 

prer.isoly m~tered iupululve injeccfori rathcr than droplet 

production by vibrating nozzles on a continuous stream. 

8. lnvestigate a long culd pl'ate drift rube (a jacket of 

flowing LH,) to freeze pellet and combat effect of heat 

emanat ing from plasma chalulser . 
These recommendations are the results of design analyses, contact 

with the various originators of the proposed hardware, and open discus- 

sions of some anticipated problems and development requirements. Many 

of these potential solutions of anticipated problems may prove to be 

inappropriate when forthcoming tests are performed and results evaluated. 

5.4 MATERIALS TESTING 

Throughout this study, the weak link in any analysis or firm 

recommendation was lack of material properties which limit mechanical 

device performance, 

A program should be generated to test those material 

properties which are critical to i.njec.tor performance. 

These tests mll s t .  he cbnducted in vacuum at cryogenic 

temperatures. The principal information desired is the 

compressive and bearing allowable stress at close to 

static loading and at high applied strain rates (-5000 

in./in.!/lb) and the coefficient of friction on smooth 

metallic or plastic composite surfaces. Tests should 

first be performed with hydrogen or deuterium and later 

verified with D-T. 



2. Tests should be proposed using existing or modestly modified 

hardware (centrifugal injector or pneumatic gun) to deduce 

properties such as friction or compression deformation and to 

determine effects of varying operating parameters such as 

pressure, barrel length and diameter, rotational speed, and 

pellet mass. 

5.5 TEST PROGRAM 

DOE should prepare or delegate to a national laboratory the prepa- 

ration of a test program to coordinate the development of the recommended 

injectors and define the supplementary analyses and physical tests 

' consistent with TNS development objectives. A screening and monitoring 

system should be provided to narrow the candidate injector field to the 

one to be chosen for TNS. 

The recurnuendations of this report do not appear to be consistent 

with present DOE funding levels. 
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APPENDIX A 

BIBLIOGRAPHY OF HYPERVELOCITY ACCELERATORS 

Initial library searches indicated approximately 2000 different 

listings on hypervelocity accelerators and hypervelocity testing impact 

data. However, closer evaluation.indicated that applicability to pellet 

fueling was limited to a very small percentage of these listings. 

The documents with the most pertinent information are: 

1. Advanced Experimental Techniques for Study of Hypervelocity 

Flight, Hypervelocity Techniques Symposium, University of 

Denver, Denver, Colorado, March 1967. 

2. Proceedings of the Fifth Symposiwn on Hypervelocity Impact, 

Vols. I and 11, Denver, Colorado, October 30, 1961. 

3. Proceedings of the Sixth Symposiwn on Hgpervelocity Impact, 

Vols. I and 111, Cleveland, Ohio, April 30, 1963. 

4 .  Hypervelocity Impact Fourth ~ymposiwn, Sponsored by U. S . Army, 
Navy, and Air Force, Vols. I, 11, & 111, April 1960. ' 

5. Proceedings of Seventh Hypervelocity Impact Symposiwn, Vol. 111, 

Tampa, Florida, November 17, 1964. 
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APPENDIX B 

CRYOGENIC PROPERTIES OF H, D, AND'T 

The following tables have been supplied by Dr. P. C. Souers of the 

Lawrence Livermore Laboratory, Livermore, California. They are a part 

of his study entitled "Cryogenic Hydrogen Data Pertinent to Magnetic 

Fusion Energy," which is to be published this year. The latest tables 

include saturated properties of solid and liquid nH2, nD2, D-T 

(estimated), and nT2 (estimated <104K). 

In the tables the symbols are: 

QO = vapor pressure solid 

PO = vapor liquid 

p ='.vapor pressure liquid 

ps, 
PI = solid, liquid density ' 

Z = gas compressibility 

Hs, H = heat of sublimation, vaporization 
v . . 



Table B-1. Properties of nH2 

- -- - --- 

Solid Q O QO P s s 
T (K) (pa) (torr) (mole/m3) Z (mole/m3) (J/mole) 

- - - - - 

Liquid - P O  P O  P L Hv 
T (K) (Pa) (torr) (mole/m3) Z (mole/m3) (J/mole) 



7 1 

Table B-2. Properties of nD2 

Solid Q O Q O P s H s 
T (K) (Pa) (torr) (mole/m3) Z (mole/m3) (J/mole) 

- 

Liquid PO P O P P~ Hv 
T (K) (Pa) (torr) (mole/m3) Z (mole/m3) (J/mole) 



Table B-3.  Properties of D-T (estimated) 

Solid QO Q O P s H s 
T (K) (Pa) (torr) (mo1e/m3) Z (mole/rn3)   mole) 

- ~ -- 

Liquid F O P O 13 L Hv ' 

T (K) (Pa) (torr) (mole/m3) Z (mole/m3) (~/rnole) 



Table B-4. P r o p e r t i e s  of nT2 (es t imated  <104K) 

S o l i d  Q O Q O P s s 
T (K) (Pa) ( t o r r )  (mole/m3) Z (mole/m3) (J lmole)  

Liquid P O  P O P P~ Hv 
T (K) (Pa) ( t o r r )  (mole/m3) Z (mole/m3) (J/mole) 
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APPENDIX C 

FUEL PELLET INJECTION IMPACT FORCE 

ASSUME: a. A single degree of freedom pellet 

b. Cylindrical shape (see Fig. C-1) 

c. Strikes blade at relative impact, Vr, parallel to 

cylinder axis, and coefficient equal to zero 

(plastic impact-stick condition) 

d. pellet valocity of 14.0 m/sec arriving at disc. 

1. Relative displacement of pellet 

where 

2. Max impact force in pellet 

3. Max impact stress 

kxmax 
Q, =- -  
max 

A -Vr E=Vmfi. 
(See Fig. C-2,,) 
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Fig .  C-1. C y l i n d r i c a l  shape. 
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Pig.  C-2. Max impact s t ress .  



p = 0.175 gm/cm3 (H) 

E z 60,000 p s i .  

p = 0.175 g ~ / c m 3  = 
1.75(16) (2.54) 

28 (16) , (3868) i n .  3 

CASE I - PELLET "MISSES" HUB BY 1 0  mm = 0.01 m 

Uoing t h e  measured geometry of t h e  ORNL demonstratinn injector as 

shown i n  Fig. C-3\(a) i n  t h e  computation of V t h e  v e l o c i t y  of t h e  p e l l e t  r ' 
i s  reduced by 1/Z because V makes an ang ie  45O wi th  p lane  of dfsc. 

P 

$I = t a n  -1 0*0775 s i n  0 = 24-13" . 0.0850 

To compute t h e  v e l o c i t y  of  t h e  p e l l e t  and t h e  d i s c  normal t o  t h e  impact 

s u r f a c e ,  t h e  geometry shorn  In  Flg. C-3(b) was used. 

14 V = - cos  (14' + 29.43') z 21  m/sec . 
Pn dr 
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Fig. C-3.(a) Computation of relative impact velocity. 

Fig. C-3.(b) Csmputat.ion of velocity of 
,pellet and disc normal to impact surface. 



CASE I1 - PELLET "MISSES" HUB BY 5 mm = 0.005 m 

0.0775 s i n  20.69" 
= tan-1 ( 0.080 

= 320.47- i n .  /sec . . 

1'2 = J(().0775 s i n  213 .69 ' )~  + (n.  n8fl12 = fl.fl84.556 . 

V = r 7 w  cos (90' - 20.69" - 18.90") 
"2 

0 max impact = 4665 &T = 4665 J6 x l o 5  x 0.165662 x l o 6  

- 4651 p a i  , 

CASE I11 -PELLET IMITIAL "MISS" I S  ZERO (INSIDE HUB GROOVE) 

u max impact 
= SSI d(6 x l o 6 )  x 0.165662 x - 549 psi . 



APPENDIX D . 

STRAIN RATE ASSESSMENT 

Given here are approximations of strain rates and stresses of 

solid deuterium subjected to impact loading based on information 

given in Appendix B and by D. N. Bolshutkin, Yu. E. Stetsenko, and 

L. A. ~lekseeva. ' The low temperature range (1.4-4K) is characterized 
by a brittle condition; at higher temperatures the sample is plastic. 

Let us consider solid deuterium at 8K. 

o = 30 psi . 
Y 

El = 19 x lo3 psi; E2 = 4.5 x lo3 psi . 

u For - < e we have elastic impact 
m Y 

where 

u = part.ic1.e velocity 

c = = wave velocity 

e = yield strain . 
Y 

For elastic impact, 



Assuming a b i l i n e a r  s t r e s s - s t r a i n  law ( see  Fig.  D-1), 

El = elastic modulus 

E2 = l i n e a r  hardening modulus . 
, . 

For p l a s t i c  impact,  stress a t  impact 

Design impact v e l o c i t y ,  V1 = 14  m/sec = 551 in . / s ec .  

Wave speed,  c = = 5 x l o 4  in . / s ec .  

Impact stress f o r  p l a s t i c  impact 
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Fig. D-1. Strain rate assessment. 



If elastic 

a = 210 psi . 

u 
% 7; therefore plastic Impact. 

If plastic ,, 

Impact stress is reduced approximately 50% in plastic range. 

Consider dynamic properties; assume 

0 I = 256 psi . 

Still highly plastic, the impact is partially ahsnsbed by plastic 

deformation. 

Force-strain curve. 

Measure time of impact (see Fig. D-2) .  

The minimum time of impact is the time it takes a wave to traverse back 

and forth across specimen. 



FED 

Fig. D-2. Impact time. 



Let 1 = 0.5 cm = 0.197 in. 
1 - 

The time for wave to travel 1 = - = 3.92 x 10'~ sec = t 
C 

- 
u = 256 psi . 
- 
t 2, 3.92 x sec . 

Strain rate " (lo3-lo4) in. /in. 
sec 



APPENDIX E 

STATIC PELLET LOADS 

The injection devices impart forces by various methods: -mechanically, 

by viscous gas drag force, by shock or explosive, by rocket reaction, or 

by techniques using a gas medium. The pellet is subjected to impact 

loads, friction, or compressive loads with forces produced by mechanical 

loads - probably the most severe. 

Mechanical devices are usually fabricated of metallic materials or 

composite plastics. If the effect of the material deformation were to 

be examined, it is apparent that deflection effects of the other materials 

on the pellet are insignificant in relation to the pellet behavior. The . 

values of elastic properties (E) of various possible materials contacting 

a pellet are listed below: 

Steel E = 30 x l a 6  
Titanium E = 20 x lo6 

Aluminum E = 10 x lo6 

Kevlar (plastic) E = 1 x lo6 

D-T (estimated) E =  6 x 1 0 ~ .  

For example, the interaction of a hydrogen pellet in contact with a 

semicircular track in a centrifugal accelerator of Kevlar pl-astic 

composite with cylinder pellet proportions and groove dimensions is 

. shown in Fig. E-1. The rel-ation of both the deformed area of the pellet 

(b) and' the cu~up~essian strcoo (a ) on.  the p e l l e t  is given by 
c 

Eqs. (E.l) and (E.2). 



. , .  . . 

, , 
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I w 
P = Load on Cylinder 

D - Pellet Dia 
D =, Groove bia . 

L = Pellet Length 

E = lPelletl 

E = . Mtl Track . . 
b = footprint width 

. . 
Fig. E-1. ~elletltrack geometry. 



where 

P = P/L D l ,  E l ,  v 1  ( t r a c k )  

= 0.3 ' D 2 ,  E 2 ,  v 2  ( p e l l e t )  

b = width developed by mutual deformation. 

u = max u n i t  s t r e s s  developed i n  t h e  p e l l e t .  
C max 

I f  c a l c u l a t e d  f o r  t h e  t r a c k  (0.00000091) o r  f o r  t h e  p e l l e t  (0.000016), 

i t  governs both  t h e  stress and deformation. The p e l l e t  is  so  s o f t  i n  

r e l a t i o n  t o  any reasonable  m a t e r i a l  s u r f a c e  t h a t  i t  has  minimal i n f luence  

on o t h e r  su r f aces .  It i s  a l s o  shown t h a t  f i t t i n g  a p e l l e t  c l o s e l y  t o  a 

mating surface g~nmetrically reduces both p e l l e t  d e f l e c t i o n  and s t r e s s .  
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APPENDIX F 

DYNAMIC ANALYSES FOR TWO ROTATING 

PARTICLE ACCELERATING DEVICES 

Dynamic analyses were conducted to determine the,performance of two 

rotating types of centrifugal injectors. This Appendix contains'the 

analytical details, the FORTRAN computer coding, and the numerical 

results which were summarized in Sect. 4.1. 

ROTATING STRAIGHT TRACK ACCELERATOR 
1 

Consider a straight tube which rotates with angular velocity w (see 

Fig. F-1). In the absence of all other forces, a particle of mass m 

contained within the tube will move radially outward, impeded only by 

the contact force of the tube. This force is decomposed into a friction 

component, Ff, and a normal component, Fn, which rotate, together with a 

polar coordinate system (r, €I), at angular speed, w. The friction 

component is related to the normal fo'rce component through the coeffi- 

cient of friction, p. Thus, 

Newton's second law of mechanics applied to the particle relates 

these force components through the equations 

and 

Ff 
= m(rw2 - f )  

where ( * )  denotes d( )/dt and t is time. 
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Fig. F-1. Rotating straight track particle 
acceierator parameters. 



Combining,Eqs. (F.l), (F.2), and (F.3) yields the differential 

equation 

r + 2pw; - w2r = o . \ (F. 4) 

The solution to Eq. (F.4), subject to the initial conditions 

r ( t = O ) = r  
0 

and - 

where . . . .  

r = r cosh at + B sinh at. 
0 (F.7) 

and 

A computer program based upon these equations was written in FORTRAN 

with the following symbol equivalei~ces: 



r = DISP 
0 

v = VEL 
0 

= PR 

t = TIME 

a = ALPHA 

B = BETA 

r = RHO 

t f l  = PI . 
The solution logic. 1 1 s ~ r - l  i.n the Gomputcr program was L u  Illcremenr: 

time (DTIME) in steps of 1~/(50w) until the particle.exit~ thc rotating 

tube as governed by the relationship r 2 L. A listing of the computer 

program is shown in Fig. F-2. 

ROTATING SEMICIRCULAR TRACK ACCELERATOR 

The kinematics of a particle moving on a semicircular track which 

rotates about an eccentrically offset center (see Fig. F-3) with angular 

vrluclty, w, are derived in terms of a compound rotating coordinate 
4 

system. The position vector, r, of the particle is given in term3 of 
-t -+ + -b 

unit polar, e and e and cartesian vectors, e and e as 
P e x Y' 

>. 
The corresponding velocity, 3, and acceleration, a, vectors are given by 

and 



-.- 31 4 *.,.IS 
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9s 11 4P jS Fl~rr! 
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.., . . . 

Fig. F-3. Rotating . . semicircular track accelerator parameters. 
. . .  . . 



Noting that 

(F. 14) 
+ -t + 
e = sin 8 e + cos 8 e 
Y P 8 

+ + + ' 

e = -sin 8 e + cos 8 e x 8 P '  

the rotating radial and tangential components of the acceleration, a 
P 

and a respectively, become 
8 ' 

From Fig. F-3 it is seen that 

p = 2R sin 8 

which upon repeated differentiation yields 

p = 2R cos 8 8 

. . 
p = -2R sin 0 i2 + 2R cos 8 8 . 

(F. 15) 

Combining these last three equations with the geometric conditions 

a = a  s i n g - a  cos 8 
n P 8 

= a cos 8 + a sin 8 
P 8 

(F. 18) 



gives 

a = -4R6(6 + w) - 2 h 2  sin2 8 - w2c (cos2 8 - sin2 8) n (F. 19) 

and 

a 4 
= 2 ~ 0  - 2Ru2 sin 8 cos 8 - 2w2c sin 8 cos 8 . 

Applying ~ewton's second law and the friction condition, Eq. (I), 

once again yiclds 

Upon substitution of Eq. (F.19) into Eq. (F.20), the following 

differential equation is obtained:: 

.; + 2pi2 + 2pw6 + w2 sin 8 (p sin A - cos 8) 

E W ~  + -  [p(l - 2 sin2 A) - 2 sin 8 cos 8 1  = 0 . 
2 8 

Si~ice Eq. (F. 21) 1s highly uol~linear, i r  was solved by numerical 

integration. The FORTRAN program written for this purpose employs the 

following equivalence s~mboks with r e f e r ~ n c e  to those used abovc: 

8 = VEL . . 
8 = ACCEL 

t = TIME 



The i n i t i a l  v e l o c i t y  cond i t i on  f o r  8 ,  r equ i r ed  f o r  a  s o l u t i o n ,  

fo l lows  from t h e  t a n g e n t i a l  v e l o c i t y  component, V [ s e e  Eqs. (F.12), 
@ 

(F.14), and (F.18)] .  

V = 2 ~ 6  + 2wR s i n 2  8  - ew(cos2 8  - s i n 2  8)  
@ 

(F. 22) 

and t h e  i n i t i a l  p o s i t i o n  cond i t i on  

Thus, 

(F. 23) 

where 

v = v ' ( t  = 0) 
0 @ 

The s o l u t i o n  l o g i c  used i n  t h e  computer program was t o  increment 

t h e  t ime (DTIM) i n  s t e p s  of .rr/ (50w) u n t i l  t h e  p a r t i c l e  e x i t s  t h e  

r o t a t i n g  s e m i c i r c l e  a s  governed by t h e  r e l a t i o n s h i p  t, 2 ~ / f .  A cuiupuCer 

l i s t i n g ' o f  t h e  program is  shown i n  Fig.  F-4. 

NUMERICAL RESULTS 

The cent r i fuga l .  i n j e c t o r  rece ived  a major s h a r e  of a n a l y s i s  because 

i t  seemed t o  have t h e  c a p a b i l i t y  of a c c e l e r a t i n g  both smal l  and l a r g e  

p e l l e t s  t o  an  accep tab le  v e l o c i t y  range. 

I n  eva lua t ing  t h e  c e n t r i f u g a l  i n j e c t o r  we sought t o  c a l c u l a t e  t hese  

e f f e c t s :  

r o t a t i o n a l  v e l o c i t y  needed f o r  a  given p e l l e t  e x i t  v e l o c i t y  

by a  s t r a i g h t  r a d i a l  t r a c k  and a semic i r cu la r  t r a c k ,  
' 

e f f e c t  of i n i t i a l  p e l l e t  i n j e c t i o n  v e l o c i t y  (Vin) on t h e  

e x i t  v e i o c i t y ,  
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e f f e c t  of t r a c k  f r i c t i o n  on t h e  e x i t  v e l o c i t y ,  

e f f e c t  of impe l l e r  r a d i u s  and s p i n  v e l o c i t y  on t h e  e x i t  v e l o c i t y .  

It must be  noted t h a t  e a r l y  i n  t h e  s tudy  we f e l t  t h a t  s u b j e c t i n g  

t h e  p e l l e t  t o  h igh  dynamic f o r c e s  w a s  n o t  d e s i r a b l e ,  and t h e r e f o r e  we 

suggested geometry and i n j e c t i o n  methods t h a t  minimized such loading.  

Since necessary  m a t e r i a l  p r o p e r t i e s  were unava i l ab l e ,  t h e s e  ana lyses  

were performed t o  provide s i z i n g  and t r end ing  d a t a  r a t h e r  than' a b s o l u t e  

answers . 
The demonstrat ion i n j e c t o r ,  'shown i n  Fig.  4-3, is  designed t o  

provide a  940-m/sec e x i t  v e l o c i t y  w i th  0.05-cm-diam c y l i n d r i c a l  H 

p e l l e t s .  Analyses i nd ica t ed  l a r g e  p e l l e t  deformations and Her tz ian  

s t r e s s e s  w i th  t h e s e  hydrogen p e l l e t s .  The d e n s i t y  and mass of a  D-T 

p e l l e t  of s i m i l a r  configurat . ion y i e lded  s t r e s s  and d e f l e c t i o n s  approxi- 

mately t h r e e  t imes h igher  ( s i n c e  t h e  r a t i o  of D-T d e n s i t y  t o  hydrogen 

d e n s i t y  i s  3  t o  1 ) .  By expanding t h e  diameter  of t h e  b a s i c  i n j e c t o r  

des ign  we e s t a b l i s h e d ,  a s  shown i n  Fig. F-5, t h e  e f f e c t  of vary ing  

impe l l e r  speed and diameter  on p e l l e t  e x i t  v e l o c i t y .  Figure F-6 i l l u s -  

t r a t e s  t h e  maximum p e l l e t  f o r c e s  which occur a t  t h e  po in t  t h e  p e l l e t  

l eaves  t h e  i n j e c t o r  f o r  both a  curved (ORNL) and s t r a i g h t  r a d i a l  t r ack .  

One conclusion drawn i s  t h a t  very  l a r g e  impe l l e r s  a r e  r equ i r ed  t o  reduce 

p a l l e t  forces tn  a tolerable level.  It a l s o  shows t h a t  t h e  tubu la r  o r  

s t r a i g h t  r a d i a l  t r a c k  i s  no t  a s  e f f i c i e n t  a s  t h e  semic i r cu la r  t r ack .  

This  conclus ion  i s  v a l i d  only f o r  t h e  c a s e  of c o e f f i c i e n t s  of f r i c t i o n  

l e s s  than  0.1. 

F igure  F-7 shows t h e  e f f e c t  of t r a c k  shape on p e l l e t  e x i t  v e l o c i t y  

w i th  t h e  same diameter  and impe l l e r  speed, a s  w e l l  a s  t h e  r educ t ion  of 

e x i t  v e l o c i t y  i f  moderate f r i c t i o n  ( c o e f f i c i e n t s  of 0.2 o r  h ighe r )  i s  

involved.  The a n a l y s i s  shows t h a t  a t  c o e f f i c i e n t s  of f r i c t i o n  p 2 0.25, 

t h e  p e l l e t  does no t  l e a v e  t h e  loop t r ack .  The phenomenon unde r l ines  t h e  

importance of f r i c t i o n  i n  any device  i n  which t h e  p e l l e t  s l i d e s ,  l i k e  

t h e  impe l l e r ,  f o r  a  s u b s t a n t i a l  l eng th  of a  pneumatic gun b a r r e l .  The 

r e s u l t s  a l s o  show t h a t  t h e  t ime t o  reach  t h e  e x i t  po in t  is  very  s h o r t ,  

l e av ing  l i t t l e  time t o  a b l a t e  o r  genera te  a  gas  dynamic b lanket  t h a t  

could reduce ~ l i d i r ~ f i  f r i c t i o n  e f f e c t s .  
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Fig. F-5. P e l l e t  v e l o c i t y  v s  impe l l e r  speed ORNL 
geometry - expanded. 
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Fig .  F-6. P e l l e t  r e a c t i o n  f o r c e s  - s t r a i g h t  v s  curved 
traclc c e n t r i f  vgal i m p e l l e r .  
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Fig.  F-7, Pellet a c c e l e r a t i o n  f o r c e s  - loop v s  straight t r ack .  



Figure F-8 shows the  p e l l e t  ve loc i ty  vs time fo r  the  curved t rack  

and the  loop track.  The i n i t i a l  ve loc i t i e s  of the  p e l l e t  i n j ec t i on  t o  

the  curved t rack were 150 m/sec and 250 m/sec. This computation was 

made t o  compare the e f f e c t  of i n j e c t i o n  veloci ty  and- to  see  i f  htgher 

i n j ec t i on  ve loc i t i e s  would i,mprove the performance.of the  in jec to r .  It 

was shown t h a t  increasing the  i n j ec t i on  veloci ty  by 100 m/sec resu l t ed  

i n  only a  40-m/sec e x i t  veloci ty  increase. This does not  seem t o  

warrant the  use of higher i n i t i a l  ve loc i t i e s  and would a l so  tend t o  

increase the  dynamic p e l l e t  shock loading. 

The loop or ig ina tes  a t  the  center  of the  impeller  and has a  longer 

t r ack  1ength . than the  curved t rack,  permitting the  p e l l e t  t o  be accel- 

era ted over a  longer distance.  This r e s u l t s  i n  a  higher e x i t  ve loc i ty  

f o r  the  loop a s  wel l  a s  a  g rea te r  time f b r  the p e l l e t  t o  e x i t  f o r  the  

f r i c t i o n l e s s  cases considered. 

We examined the  r e s u l t s  of a  computer analys is  f o r  a  40-in. radius,  

ORNL configuration type d i s c  spinning a t  492 radlsec  with an i n i t i a l  

i n j e c t i on  ve loc i ty  of 100 mlsec t o  f u r t he r  evaluate the  e f f ec t s  of  

f r i c t i o n .  For p = 0, the  e x i t  veloci ty  was 1041 mlsec, and the  e x i t  

time was 0.00338 sec.  For v = 0.05, the  e x i t  veloci ty  was 921 m/sec, 

and the  e x i t  time was 0.00377 sec. A t  a  r o t a t i ona l  speed of 492 rad/sec 

and a  ti.me di f ference of 0.00039 sec  (0.00377-0.00338 s ec ) ,  the  va r i a t i on  

i n  angular pos i t ion  of the . impe l ie r  exit pu111L 1s app.i.oxirimtely 11' 

(0.192 rad) . The va r i a t i on  i n  d is tance  along the  circumference of the  
, . . . 

impeller i s  7.5 in .  Thus, the  problem of a l igning the  impeller e x i t  

point  with the  i n j ec t i on  tube t o  the plasma chamber is highly s ens i t i ve  

t o  p e l l e t  f r i c t i o n .  It a l so  i s  apparent t ha t  any va r i a t i on  i n  pe l l e t -  

to-pel le t  f r i c t i o n  must be kept within very small l i m i t s .  
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INITIAL INJECTION V, (EXIT Te (EXIT 

W CONDITION -. VELOCITY VELOCITY. T!EE. 
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2044 0 9.05 4.55 1 0 0  95 1 0.0014 - LOOP 
2044 0 9.05 3.55 150 787 0.0007 - ORNL 
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Fig. F-8. Pellet velocity comparison - O W L  modified injector 
vs loop. 
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