
(Ct 
iif^ 

NAA-SR-5244 

COPY 

MA«̂ -̂  

$NAP2 REACTOR PUMP 

DEVELOPMENT PROGRAM 

(RADIAL GAP PERMANENT-MAGNET PUMP) 

AEC Research and Development Report 

ATOMICS INTEI^JtATIONAL 
A DIVISION OF NORTH AMERICAN AVIATION, INC. 



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. 
 



LEGAL NOTICE 

Th is report was prepared as an account of Government sponsored worK. Nei ther the 
Uni ted States, nor the Commiss ion, nor any person ac t ing on behalf of the Commiss ion* 

A, Makes any warranty or representat ion, expressed or imp l ied , w i t h respect to the 
accuracy, completeness, or usefu lness of the informat ion contained in th is report , or that 
the use of any in format ion, apparatus, method, or process d isc losed m th i s report may 
not in f r inge pr iva te ly owned r igh ts , or 

B. Assumes any l i a b i l i t i e s w i th respect to the use of, or for domages resu l t ing from 
the use of any in format ion, apparatus, method, or process d isc losed in th is report . 

As used in the above, "pe rson ac t ing on behalf of the C o m m i s s i o n " inc ludes any 
employee or contractor of the Commiss ion, or employee of such cont rac tor , to the extent 
that such employee or contractor of the Commiss ion , or employee of such contractor pre­
pares, d i ssemina tes , or provides access to, any informat ion pursuant to his employment 
or cont roct w i t h the Commiss ion , or h is employment w i t h such cont ractor . 



NAA-SR-5244 
SPECIAL 

PAGES 

SNAP 2 REACTOR PUMP 

DEVELOPMENT PROGRAM 

(RADIAL GAP PERMANENT-MAGNET PUMP) 

By 

S. SUDAR 

ATOMICS INTEI^ATIONAL 
A DIVISION OF NORTH AMERICAN AVIATION, INC. 
P.O. BOX 309 CANOGA PARK, CALIFORNIA 

CONTRACT: AT(l l - l ) -GEN-8 
ISSUED: SEPTEMBER 1, 1961 



DISTRIBUTION 

This repor t has been dis tr ibuted according to the category "SNAP 2 Special." 

A total of 165 copies was pr inted. 

ACKNOWLEDGMENT 

The author wishes to acknowledge the contributions to pump design and 

analyses made by R. S. Baker and G. L. Schmidt. 

NAA-SR-5244 
2 



CONTENTS 

P a g 

A b s t r a c t 6 

I. I n t r o d u c t i o n 7 

I I . P u m p D e s i g n 9 

A. Se l ec t i on of Des ign Concep t 9 

B . Ro ta t i ng P e r m a n e n t M a g n e t P u m p s 10 

C. D e s i g n P r o c e d u r e 12 

III . P u m p D e s c r i p t i o n s 16 

A. M a r k I P u m p 16 

B . M a r k II P u m p 16 

C. M a r k III P u m p 19 

D . M a r k V P u m p 19 

IV. T e s t A p p a r a t u s 2 3 

A. T e s t Loop 23 

B . P u m p D r i v e M e c h a n i s m 2 3 

C. I n s t r u m e n t a t i o n 2 6 

V. P r o c e d u r e s 28 

A. P u m p P e r f o r m a n c e T e s t s 28 

B . H y d r a u l i c L o s s e s 28 

C. M e a s u r e m e n t of M a g n e t F l u x D e n s i t y 30 

D . D e t e r m i n a t i o n of P u m p Ef f ic iency 33 

VI . T e s t R e s u l t s and D i s c u s s i o n 35 

A. M a r k I 35 

B . M a r k II 35 

C. M a r k III 38 

D. M a r k IV 38 

E . M a r k V 38 

VII . C o n c l u s i o n 46 

Append ix A - S a m p l e C a l c u l a t i o n s 47 

N o m e n c l a t u r e 49 

R e f e r e n c e s 51 

N A A - S R - 5 2 4 4 

3 



TABLE 

Page 

I. Summary of Radial Gap Elec t romagnet ic Pump Tes t Resul ts . . . 35 

FIGURES 

1. Basic Design of Rotating Permanent -Magnet , Radial Gap Pump . . 13 

2. Mark I E-M Pump 17 

3. Mark I Pump Flow Annulus 18 

4. Mark II E-M Pump 18 

5. Mark III E-M Pump 20 

6. Mark III Pump Flow Annulus 20 

7. Mark V E-M Pump 21 

8. Mark V Pump Flow Duct 22 

9. Flow Diagram of Pump Test Loop 24 

10. Pump Tes t Loop 25 

11. Calibrat ion Curve of Mark V Pump Drive Motor 27 

12. Hydraulic L o s s e s of the Radial Gap E-M Tes t Pumps 31 

13. Assembly for Dynamic Measurement of Magnet Flux Density . . . 32 

14. Combined Fr ic t ion and Windage L o s s e s of the Mark V Pump Rotor . 34 

15. Comparat ive Pe r fo rmance Charac t e r i s t i c s of Mark I, II, III, and 
V Pumps 36 

16. Comparat ive Pe r fo rmance Charac t e r i s t i c s of Mark III and 

V Pumps 37 

17. Pe r fo rmance Cha rac t e r i s t i c s of Mark V Pump: B = 1550 Gauss . . 40 

18. Pe r fo rmance Charac t e r i s t i c s of Mark V Pump: B = 1600 Gauss . 40 

19- Pe r fo rmance Charac t e r i s t i c s of Mark V Pump: B = 1700 Gauss . . 41 

20. Pe r fo rmance Charac t e r i s t i c s of Mark V Pump: B = 1750 Gauss . . 41 
21 . Comparison of Exper imenta l and Calculated Pe r fo rmance 

Charac te r i s t i c s of Mark V Pump 42 

22. Comparison of Exper imenta l and Calculated Developed P r e s s u r e s 
for the Mark V Pump at Shutoff: B = 1550 Gauss 42 

23. Comparison of Exper imenta l and Calculated Developed P r e s s u r e s 
for the Mark V Pump at Shutoff: B = 1700 Gauss 43 

NAA-SR-5244 
4 



FIGURES 

Page 

24. Mark V Pump: Effect of T e m p e r a t u r e on Head-Capacity 
Cha rac t e r i s t i c s 43 

25. Mark V Pump: Comparison of Exper imenta l and Calculated 

Effect of T e m p e r a t u r e 44 

26. Mark V Pump: Efficiency v£ Flow and Rotor Speed 44 

27 . Mark V Pump: Efficiency v£ Flow and Magnet Flux 45 

NAA-SR-5244 
5 



ABSTRACT 

A compact e lectromagnet ic pump utilizing a rotating permanent -magne t 

with rad ia l gap was developed for poss ib le application to the SNAP 2 r eac to r 

coolant sys tem. The pump design objectives w^ere (1) circulat ion of NaK-78 

at 1000°F and 11.2 gpm with a developed p r e s s u r e of 3 ps i ; (2) operation at 

40,000 rpm; (3) minimum weight and size; and (4) high re l iabi l i ty ; one year 

maintenance free, continuous operat ion is requ i red . 

The per formance cha rac t e r i s t i c s of four developmental pump models were 

m e a s u r e d in a 1000°F NaK tes t loop and compared with design pred ic t ions . The 

capability of the pump design concept was demonstra ted, though further develop­

ment work is needed to meet the SNAP 2 pump r equ i r emen t s . 

A flow capacity of 6.8 gpm of NaK at lOOO^F with a developed head of 3 ps i 

was attained at a magnet rotor speed of 40,000 rpm. The weight of this pump 

is 3 pounds. Reasonable agreement was obtained between the actual pump cha r ­

ac t e r i s t i c s and the design predic t ions . 
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I. INTRODUCTION 

A 3 kw nuclear auxil iary power unit for space exploration and utilization is 

cur ren t ly under development for the AEC, at Atomics International , a division 

of North Amer ican Aviation. The SNAP 2 power unit is compr ised of a 50 kw 

liquid meta l cooled r eac to r heat source and a m e r c u r y vapor turboelec t r ic power 

conversion sys tem. The special r equ i rement s of a r eac to r operating in a space 

environment; minimum weight, completely unattended operation in a zero-grav i ty , 

vacuum environment, e t c . , c rea te p rob lems in the design and operation of the 

r eac to r liquid meta l coolant sys tem quite different than those experienced in 

land-based sys t ems . The liquid meta l pump, being a major component of this 

coolant system, is undergoing extensive development \vork. Responsibil i ty for 

this p r o g r a m is held by Thompson Ramo Wooldridge, Inc . , subcontractor for 

the SNAP 2 power conversion sys tem. A supplementary p r o g r a m was conducted 

by Atomics International and is repor ted he r e . 

The init ial objective of the pump development p r o g r a m was to produce a 

pump to satisfy the SNAP 2 sys tem requ i rements as follows: 

1) Circula te 1000°F sodium at 6.6 gpm and 3 psi head. 

2) Operate continuously, maintenance free, for a minimum of 1 year 

in a ze ro -g rav i ty environment. 

3) Withstand launch environmental conditions: acce le ra t ions , v ibra ­

tions and shock. 

4) Conform to the low sys tem weight and size r equ i r emen t s . 

In the course of SNAP 2 p r i m a r y system development work the choice of 

liquid meta l coolant was re -eva lua ted and NaK-78 was selected to replace 

sodium. The melting point of NaK-78 is +10°F as compared to 210°F for 

sodium. The low melting point of NaK will pe rmi t charging and s tar tup of the 

p r i m a r y systenn with the coolant in liquid form, and thus mate r ia l ly reduce the 

problems involved in these p r o c e d u r e s . Maintaining the coolant in the liquid 

state a lso l e s sens the possibi l i ty of insoluble line plugs forming due to solidifi­

cation of sodium and sodium oxide mix tu re s . The use of NaK, however, aggra ­

vates the pumping problem since the e lec t r ica l r e s i s t ance of NaK, a factor in 

e lec t romagnet ic pump per formance , is approximately th ree t imes g rea t e r than 

that of sodium. 
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T h e m a i n ob jec t ive of the s u p p l e m e n t a r y p u m p d e v e l o p m e n t p r o g r a m w a s 

to e s t a b l i s h the f e a s i b i l i t y of sa t i s fy ing the SNAP 2 p r i m a r y s y s t e m p u m p r e ­

q u i r e m e n t s wi th an e l e c t r o m a g n e t i c type p u m p . Upon a t t a i n m e n t of t h i s o b j e c ­

t ive , which i n d i c a t e d two t y p e s of e l e c t r o m a g n e t i c p u m p s w a r r a n t i n g d e v e l o p ­

m e n t , the m a j o r d e v e l o p m e n t effort w a s c a r r i e d on by T h o m p s o n R a m o 

W o o l d r i d g e (TRW). P a r t l y on the b a s i s of a d a p t a b i l i t y to t h e i r p o w e r c o n v e r s i o n 

s y s t e m des ign , TRW s e l e c t e d the a x i a l gap p e r m a n e n t m a g n e t p u m p a s the m o s t 

f a v o r a b l e type and i s deve lop ing th i s p u m p to m e e t the SNAP 2 r e q u i r e m e n t s . 

C o n c u r r e n t l y , A t o m i c s I n t e r n a t i o n a l con t inued i n v e s t i g a t i o n of the a l t e r n a t i v e 

d e s i g n , the r a d i a l gap p e r m a n e n t m a g n e t p u m p , s i n c e the e a r l y t e s t r e s u l t s 

i n d i c a t e d fu tu re a p p l i c a b i l i t y . The d e s i g n p r o c e d u r e s and t e s t r e s u l t s of t h i s 

i n v e s t i g a t i o n a r e p r e s e n t e d in t h i s r e p o r t . 
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II. PUMP DESIGN 

A. S E L E C T I O N OF DESIGN C O N C E P T 

The SNAP 2 p r i m a r y s y s t e m p u m p d e s i g n r e q u i r e m e n t s w e r e : 

Work ing fluid N a K - 7 8 % K 

O p e r a t i n g t e m p e r a t u r e 1000°F 

F l o w r a t e 11.2 gpm 

D e v e l o p e d p u m p p r e s s u r e 3 p s i 

R o t o r speed 40 ,000 r p m 

M i n i m u m weigh t and s i z e 

1 . M e c h a n i c a l P u m p s 

The two b r o a d c l a s s i f i c a t i o n s tha t m i g h t be u s e d a r e p o s i t i v e d i s p l a c e ­

m e n t and c e n t r i f u g a l . R e g a r d i n g p o s i t i v e d i s p l a c e m e n t d e s i g n , g e a r t y p e s and 

t h e i r n u m e r o u s v a r i a t i o n s a r e u n a t t r a c t i v e s ince the low v i s c o s i t y of the l iquid 

m e t a l s to be u s e d n e c e s s i t a t e c l o s e runn ing t o l e r a n c e s wi th t h e c o n c o m i t a n t 

b e a r i n g and w e a r i n g s u r f a c e p r o b l e m s . W o r k to da t e h a s shown no s a t i s f a c t o r y 

m e t a l s p o s s e s s i n g the r e q u i s i t e f r i c t i o n a l and c o r r o s i o n p r o p e r t i e s . Add i t iona l ly 

a shaft s e a l is r e q u i r e d with o r d i n a r y d e s i g n s thus d e c r e a s i n g the i n t e g r i t y of 

the coo lan t s y s t e m . 

D i a p h r a g m d e s i g n s a r e i n h e r e n t l y low flow un i t s s i nce s m a l l m o v e m e n t s 

a r e n e c e s s a r y to a c h i e v e r e a s o n a b l e fa t igue life of e i t h e r the d i a p h r a g m or 

be l lows (the l a t t e r i s m o r e s u s c e p t i b l e to fa t igue f a i l u r e ) . A m u l t i p l e uni t could 

supply the r e q u i r e d flow but only a t a s e v e r e weigh t p e n a l t y . 

Cen t r i f uga l t y p e s can be subd iv ided a s to the type of sea l ing s y s t e m 

e m p l o y e d to p r e v e n t l e a k a g e of the l iquid m e t a l a r o u n d the r o t a t i n g shaft tha t 

d r i v e s the fluid i m p e l l e r . D e s i g n s tha t have been u s e d in the p a s t with v a r y i n g 

d e g r e e s of s u c c e s s a r e s u m p , m e c h a n i c a l s e a l ( p r e c i s i o n r o t a t i n g face) , f r e e z e 

s ea l , and canned r o t o r t y p e s . The s u m p type i s e l i m i n a t e d by the a b s e n c e of 

g r a v i t y in the u l t i m a t e e n v i r o n m e n t . To da te , m e c h a n i c a l s e a l s for u s e wi th 

l iquid m e t a l have fa i led to d e m o n s t r a t e a d e q u a t e i n t e g r i t y and w e a r r e s i s t a n c e 

to m e e t the r e q u i r e m e n t s for one y e a r ' s con t inuous o p e r a t i o n . Both the f r e e z e 

s e a l and canned r o t o r con f igu ra t ion r e q u i r e e x t e r n a l cool ing which m a k e s t h e m 

u n d e s i r a b l e b e c a u s e of the added c o m p l i c a t i o n and the l i m i t e d r a d i a t o r a r e a 
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avai lable . Also, the canned rotor type would entail liquid meta l bearing 

development. 

2. E lec t romagnet ic Pumps 

The e lect romagnet ic pumps a r e based on the same principle governing 

motor operation; namely, a conductor carry ing a cur ren t in a magnetic field 

is acted on by a force orthogonal to the e lec t r ica l and magnetic fields. E l e c t r o ­

magnetic pumps can be classified according to the means of producing the cur ­

rent . Considerat ion in the pump design was given to both conduction and induc­

tion e lec t romagnet ic pump concepts . 

The Fa raday type, conduction pumps offer re la t ively high efficiencies 

but their r equ i rement of la rge cu r r en t s ('~2500 a m p e r e s in this application) 

which necess i t a t e s la rge cur ren t car ry ing m e m b e r s c rea t e s a distinct weight 

disadvantage. An additional drawback is the difficulty of re l iably bonding the 

mass ive copper bus b a r s to the high t empera tu re pumping sect ions, which in t ro ­

duces a low rel iabi l i ty factor to the design. 

B. ROTATING PERMANENT-MAGNET PUMPS 

The induced cur ren t cha rac t e r i s t i c s of induction type e lect romagnet ic pumps 

pe rmi t separat ion of the hot liquid metal from the pumping power source; the 

power is t ransmi t ted a c r o s s an air gap to the liquid meta l pumping passage , 

obviating the need for heavy e lec t r ica l conductors , reducing the ma te r i a l p rob­

l ems , and increas ing the design rel iabi l i ty . The varying magnetic field required 

to induce cu r ren t s within the liquid meta l can be produced by means of polyphase 

A-C windings, p rog rammed D-C winding, or by d i rec t rotation of a permanent 

magnet. At the inception of this p r o g r a m re l iable high t empera tu re coils were 

unavailable. The use of windings to produce the magnetic field has the disad­

vantage of low efficiencies due to the I R loss in the windings, associa ted cur ­

rent source and connecting leads . For a p rog rammed D-C operation, conver­

sion of the available 2000 cps power supplied by the SNAP 2 power conversion 

system would also cause large energy l o s s e s . Also, the rel iabi l i ty of high t em­

p e r a t u r e coils is unknown. It, therefore , appeared that the optimum design 

could be obtained by the employment of a rotating permanent magnet . To mini ­

mize mechanical lo s ses and inc rease the compactness of the SNAP 2 system, 

d i rec t coupling of the magnet to the turbine shaft in the combined rotating unit 
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of the p o w e r c o n v e r s i o n s y s t e m w a s f a v o r e d . The c o m p o n e n t s of the c o m b i n e d 

r o t a t i n g unit , in add i t ion to the p r i m a r y s y s t e m p u m p , a r e the m e r c u r y v a p o r 

t u r b i n e , m e r c u r y p u m p , and the 2000 c p s a l t e r n a t o r . The r o t a t i n g speed of the 

CRU i s 40 ,000 r p m ; d i r e c t coupl ing of the p r i m a r y s y s t e m p u m p f ixes i t s speed , 

t h e r e f o r e , a t 40 ,000 r p m . 

The r o t a t i n g p e r m a n e n t - m a g n e t p u m p h a s two b a s i c f o r m s which can be 

c h a r a c t e r i z e d by the l o c a t i o n of the p u m p i n g s e c t i o n with r e s p e c t to t h e shaft 

a x i s and m a g n e t i c field a s e i t h e r r a d i a l gap o r ax i a l gap . 

1. Ax ia l Gap P e r m a n e n t - M a g n e t P u m p 

T h i s p u m p is e s s e n t i a l l y a c e n t r i f u g a l p u m p in which the m e c h a n i c a l 

i m p e l l e r h a s b e e n r e p l a c e d with a m a g n e t i c i m p e l l e r . The fluid e n t e r s a t the 

c e n t e r of the p u m p i n g duc t and i s r o t a t e d t a n g e n t i a l l y by m e a n s of a p e r p e n d i c u l a 

r o t a t i n g m a g n e t i c f ie ld. Cen t r i f uga l f o r c e c a u s e s the fluid to m o v e r a d i a l l y out ­

w a r d into a vo lu te and t h r o u g h an exi t n o z z l e . The a d v a n t a g e of t h i s p e r m a n e n t 

m a g n e t p u m p d e s i g n i s t ha t i t p e r m i t s moun t ing the m a g n e t r o t o r on the end of 

the high speed shaft of the c o m b i n e d r o t a t i n g uni t and, t h e r e f o r e , e f fec t ive ly 

s e p a r a t e s the hot l iqu id m e t a l f r o m the o t h e r c o m p o n e n t s on the shaft . H o w e v e r , 

R u d e n b e r g p r e d i c t e d in a r e p o r t to A l l i s - C h a l m e r s in 1949 tha t l iquid m e t a l in 

t h i s type of p u m p would be r e s t r a i n e d by e d d y - c u r r e n t b r a k i n g a c t i o n f r o m f low­

ing r a d i a l l y and tha t t h i s would s e r i o u s l y i m p a i r p u m p i n g p e r f o r m a n c e in s m a l l 

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

T h o m p s o n R a m o W o o l d r i d g e s e l e c t e d t h i s p u m p concep t a s m o s t f a v o r a b l e of 

any c o n s i d e r e d on the b a s i s of t h e i r a n a l y s i s of p u m p e f f i c i enc ies and o v e r a l l 

s y s t e m r e q u i r e m e n t s . 

2. R a d i a l Gap P e r m a n e n t - M a g n e t P u m p 

T h i s p u m p u t i l i z e s a p e r m a n e n t m a g n e t in the f o r m of a c y l i n d e r which 

i s m o u n t e d d i r e c t l y upon the high speed shaft . T h e c y l i n d e r i s m a g n e t i z e d so 

t h a t the flux l i n e s p a s s r a d i a l l y ou tward t h r o u g h an a n n u l a r gap con ta in ing the 

pumping duct to a high p e r m e a b i l i t y l a m i n a t e d i r o n c y l i n d e r which s e r v e s a s the 

m a g n e t flux r e t u r n p a t h . The r o t a t i n g m a g n e t i c f ield c a u s e s the l iquid m e t a l 

wi th in the duc t to r o t a t e c o n c e n t r i c a l l y ; s p i r a l l i n g the pumping duc t c a u s e s the 

fluid to flow t h r o u g h the p u m p . T h i s c o n c e p t w a r r a n t e d d e v e l o p m e n t b e c a u s e of 

s i m p l i c i t y in c o n s t r u c t i o n and f a v o r a b l e t e s t r e s u l t s ob ta ined wi th a p r o t o t y p e 
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m o d e l . F o u r m o d e l s of the r a d i a l gap p e r m a n e n t m a g n e t r o t o r p u m p w e r e bu i l t 

and t e s t e d . T h e s e p u m p m o d e l s a r e d e s i g n a t e d in t h i s r e p o r t a s M a r k I, II, III, 

and V . The M a r k IV p u m p w a s d e s i g n e d , then r e v i s e d p r i o r to f a b r i c a t i o n . The 

r e v i s e d d e s i g n (Mark V) w a s bui l t and t e s t e d . 

C. DESIGN P R O C E D U R E 

The b a s i c d e s i g n equa t ion for c a l c u l a t i n g the p r e s s u r e d e v e l o p e d by the 

t r a v e l i n g m a g n e t i c f ield of a p e r m a n e n t - m a g n e t r o t o r p u m p w a s d e r i v e d by 

R. S. B a k e r who u t i l i z e d a m e t h o d s i m i l a r to R. R u d e n b e r g ' s a n a l y s i s for the 

d e r i v a t i o n of the equa t ion for the b r a k i n g f o r c e in an eddy c u r r e n t b r a k e . 

The p u m p d e s i g n equa t ion i s a s fol lows: 

r 
X 

3,4 

-N 

(V 
p = svn 

v,)Xh 
4/)T (68,944) \ 

. ^ T 

V."-

"4(V - V j S . X ' 
' syn i ' 1 

- l 2 

f X 

TA (1) 

J 

To c l a r i f y the t e r m s u s e d in the above e x p r e s s i o n , a r a d i a l gap p e r m a n e n t -

m a g n e t r o t o r p u m p i s shown s c h e m a t i c a l l y in F i g u r e 1. 

P r e s s u r e l o s s e s o c c u r wi th in the p e r m a n e n t m a g n e t r o t o r p u m p due to 

h y d r a u l i c l o s s e s , wi th in t h e pumping s e c t i o n and a t i n l e t and exi t ends , and to 

e l e c t r o m a g n e t i c l o s s e s . T h e l a t t e r a r e due to the f o r c e p r o d u c e d by the a x i a l 

m o t i o n of t h e fluid conduc to r wi th in the m a g n e t i c f ield; t h i s f o r c e o p p o s e s the 

ax i a l fluid m o t i o n . 

The h y d r a u l i c l o s s e s of the p u m p i n g s e c t i o n a r e r e a d i l y d e t e r m i n e d e x p e r i ­

m e n t a l l y wi th m e a s u r e m e n t s p e r f o r m e d on a p u m p i n g s e c t i o n m o c k u p in a w a t e r 

t e s t l oop . T h e w a t e r t e s t da ta a r e then c o n v e r t e d by the p r i n c i p l e s of m o d e l 

t h e o r y to p r o v i d e p r e s s u r e d r o p da t a u n d e r a c t u a l p u m p o p e r a t i n g c o n d i t i o n s . 

S e v e r a l i n l e t and exi t p u m p n o z z l e and p u m p annu l i d e s i g n s w e r e t e s t e d in t h e 

w a t e r loop in o r d e r to d e t e r n a i n e a d e s i g n wi th m i n i m u m h y d r a u l i c l o s s e s . U s e 

of the s t a n d a r d equa t ions to c a l c u l a t e fluid f r i c t i on and e x p a n s i o n - c o n t r a c t i o n 

l o s s e s wi l l p r o d u c e only a p p r o x i m a t e p r e s s u r e d r o p i n f o r m a t i o n b e c a u s e of the 

c o m p l e x g e o m e t r i e s invo lved . 
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Figure 1. Basic Design of Rotating Permanent-Magnet , Radial Gap Punnp 



The elect romagnet ic losses can be determined by use of the following 

equation: 

r "̂  

^ i a ^ ^ 
axial 2/) (68,944) 

X ^ 2 T 
17 +"X" 

Vi-

4V, 8,1^ 
i a 1 

^ > 
X , 2r 
2 T ^ X 

. . . (2) 

^ 

The theore t ica l p r e s s u r e developed by the pump is then obtained a s follows: 

P ^ = P net axial hydraulic 

Additional power losses occur in the pump due to r e s i s t ance heating, f r ic ­

tion and windage. Eddy cu r ren t s induced within the wall of the pumping section 

and the s tat ionary layer of fluid adjacent to the wall resu l t in r e s i s t ance heat 

l o s s e s . The losses within the wall can be minimized by utilizing m a t e r i a l s having 

high e lec t r ica l res i s t iv i ty and by making the wall as thin as s t ruc tura l r e q u i r e ­

ments pe rmi t . 

Additional r e s i s t ance heating losses a r e produced in the iron laminations 

which form the flux re tu rn path. These losses a r e minimized by e lec t r ica l 

separat ion of the individual laminat ions with mica insu la to rs . 

L o s s e s due to friction a r e minimized by careful bear ing design. Windage 

losses will be negligible in the space operating environment. During ground 

testing the combined friction and windage losses a r e determined experimental ly . 

Sample calculations of developed pump p r e s s u r e s under shutoff and flow 

conditions a r e presented in the Appendix. 

Additional factors enter into the design of the SNAP 2 pump; these factors , 

the design values and their major significance in design a r e tabulated below: 

Fac to r 

Punnp weight 

Cr i t ica l speed of CRU 

Rotor s t r e s s e s at 
40,000 rpm 

Design Value 

3 lb maximum 

> 40,000 rpm 

Major Significance in Design 

Limits size of magnet 

Limits size of magnet to 1.5 in. 
long by 1 .5 in. d iameter (Ref. 6) 

Affects selection of magnet mate­
r i a l and need for magnet support 

NAA-SR-5244 
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Fac to r Design Value Major Significance in Design 

Magnetic gap Minimum size Limi ts size of pumping section and 
magnet support sleeve thickness 

Launching forces 10 g Governs thickness requ i rements 
of pumping section wall 

Mark I, II, and III pumps were par t ia l ly based upon the above design factors 

since they were designed to de te rmine the feasibility of the pump concept and to 

provide data on pump per formance as affected by pumping section and magnet 

c h a r a c t e r i s t i c s . The Mark V pump design, however, was p repa red with close 

attention to all the design fac tors . 
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III. PUMP DESCRIPTIONS 

The four developmental models of the radia l gap permanen t -magne t rotor 

pump conformed to the basic design shown in F igure 1. The major differences 

in the pump designs were in the pumping sections and the magnet d imensions . 

The pumping sections were all fabricated with 304 s ta in less s teel . 

A. MARK I PUMP 

The pump assembly is i l lus t ra ted in F igure 2. The ro tor consisted of five 

cast Alnico V 1-1/2 in. by 3/8 in. d i scs stacked in a s ta in less steel housing to 

form a magnet 1-7/8 in. long and 1-1/2 in. d i amete r . The housing was designed 

to contain the magnet ma te r i a l on the conservat ive assumption that the Alnico V 

contributed zero s t rength. The configuration of the pumping section is shown in 

F igure 3. It contained a helical vane which made two complete turns through the 

flow annulus. Dimensions of the annulus were 2 in. long by 0.170 in. thick. The 

fluid entered and exited the annulus in a direct ion para l le l to the rotor axis . The 

entrance and exit sections were made small in order to provide the shor tes t 

distance feasible between the high speed rotor bea r ings . This was deemed 

des i rab le because of the uncertainty in the init ial t e s t s regarding the stabili ty 

of the high speed rotor assembly . Cha rac t e r i s t i c s of this design were the la rge 

hydraulic p r e s s u r e l o s ses due to the abrupt changes in flow c r o s s sections and 

the p resence of high velocity flow sect ions. Conventional s ingle-shielded g rease 

packed bear ings were used for the high speed ro to r . 

B. MARK II PUMP 

The Mark II pump is shown in F igure 4. The chief modification was the 

inc rease in entrance and exit sections to r educe the internal hydraulic p r e s s u r e 

l o s se s . The fluid entered and exited the flow annulus via end chambers in a 

direct ion normal to the rotor axis . Two pumping section configurations were 

used in the tes t runs . The f i rs t configuration consisted of a single sp i ra l vane 

through the flow annulus. The annulus was 3.25 in. long and 0.170 in. thick. 

After severa l t e s t s , the inner wall of the annulus collapsed. Insufficient data 

were obtained with this configuration to pe rmi t an analysis to be nnade. The 

pumping section in the second configuration contained two para l l e l helical vanes , 

each making a single complete turn through the flow annulus. 
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T h e m a g n e t a s s e m b l y c o n s i s t e d of two 1.75 in . d i a m e t e r Aln ico V m a g n e t s 

p l a c e d wi th in a s l e e v e to p r o v i d e add i t i ona l s t r e n g t h for the high r o t o r s p e e d s . 

T h e m a g n e t s w e r e m a g n e t i z e d n o r m a l to the ax i s of r o t a t i o n and w e r e p l a c e d 

wi th in the s l e e v e with s i m i l a r p o l e s a l i gned in the s a m e d i r e c t i o n . The o v e r a l l 

nnagnet l eng th w a s 3.25 in . 

The p u m p p e r f o r m a n c e t e s t s i n d i c a t e d tha t t he d e s i g n flow and deve loped 

p r e s s u r e r e q u i r e m e n t s , then b a s e d upon 6.6 g p m of s o d i u m and 3 p s i , would be 

e x c e e d e d a t t he d e s i g n s p e e d of 40 ,000 r p m . The weigh t of t h i s p u m p , h o w e v e r , 

g r e a t l y e x c e e d e d the d e s i g n r e q u i r e m e n t s ; 3 pounds had been se t a s an ob jec t ive 

and th i s p u m p we ighed 8 p o u n d s . The p u m p d e s i g n w a s , t h e r e f o r e , modi f i ed in 

an effort to m e e t the we igh t r e q u i r e m e n t . 

C . MARK III P U M P 

T h e M a r k III p u m p con f igu ra t i on i s shown in F i g u r e 5. S ize and we igh t w e r e 

the m a j o r d i f f e r e n c e s b e t w e e n t h e M a r k II and M a r k III p u m p d e s i g n s . The 

M a r k III pumping s e c t i o n w a s 2.0 in . long and 0.17 in . t h i ck . The flow annu lus 

con ta ined two p a r a l l e l , h e l i c a l v a n e s , each m a k i n g s l igh t ly l e s s than one c o m ­

p l e t e r e v o l u t i o n . The v a n e ang le w a s 45 d e g r e e s . The v a n e s and fluid in le t and 

out le t end c h a m b e r s a r e shown in F i g u r e 6. The p u m p r o t o r a s s e m b l y con ta ined 

an Aln ico V m a g n e t s u p p o r t e d by an i n t e r f e r e n c e fit s t e e l s l e e v e . The m a g n e t 

d i m e n s i o n s w e r e 1.15 in . long and 0.935 in . d i a m e t e r . T h i s p u m p i n c l u s i v e of 

the r o t o r a s s e m b l y we ighed 4 p o u n d s . 

The p e r f o r m a n c e of t h i s p u m p w a s we l l be low e x p e c t a t i o n s . The poo r p e r ­

f o r m a n c e w a s a t t r i b u t e d to the s m a l l s i z e of the m a g n e t . An add i t i ona l f ac to r 

in s u b s e q u e n t p u m p d e s i g n w o r k w a s the change in r e a c t o r s y s t e m coolan t to 

N a K - 7 8 , which w a s m a d e a p p r o x i m a t e l y a t t h i s s t a g e of the p u m p d e v e l o p m e n t 

p r o g r a m . T h e h i g h e r e l e c t r i c a l r e s i s t i v i t y of the N a K - 7 8 in add i t ion to the n e e d 

for a h i g h e r flow r a t e , 11.2 gpm, m a d e the SNAP 2 p r i m a r y s y s t e m p u m p r e q u i r e ­

m e n t s even m o r e s t r i n g e n t . B a s e d upon r e s u l t s to d a t e , a r e v a m p i n g of the 

p u m p d e s i g n s e e m e d n e c e s s a r y . 

D . MARK V P U M P 

The M a r k V p u m p , shown in F i g u r e 7, i n c o r p o r a t e d a m a j o r change in 

pumping s e c t i o n d e s i g n . T h e vaned p u m p a n n u l u s , u s e d in the p r e v i o u s p u m p 
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m o d e l s , w a s r e p l a c e d by a h e l i c a l l y co i l ed r e c t a n g u l a r flow t u b e . T h i s m o d i f i ­

ca t ion p r o v i d e d con t inu i ty of flow d i r e c t i o n , m i n i m u m c h a n g e in flow a r e a a t 

p u m p in le t and out le t , and a m o r e we l l def ined flow c h a n n e l . D e t a i l s of the 

pumping s e c t i o n a r e shown in F i g u r e 8. The r o t o r a s s e m b l y w a s 1.50 in . long 

and 1.46 in . d i a m e t e r . Two m a g n e t m a t e r i a l s , A ln i co V and Aln ico VI w e r e 

t e s t e d . The Aln ico VI m a g n e t , hav ing a d e q u a t e t e n s i l e s t r e n g t h , w a s u s e d with­

out a suppo r t i ng s l e e v e . The p u m p , inc lud ing the r o t o r a s s e m b l y , we ighed 

3 p o u n d s . 

.220 

.574" 

3 OIO" 

SECTION A - A 
TWICE SIZE 

1/2 DIA 
540 DIA. 

,980" DIA. 

F i g u r e 8. M a r k V P u m p F l o w Duct 
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IV. TEST APPARATUS 

T h e t e s t a p p a r a t u s c o n s i s t e d p r i m a r i l y of a l iqu id m e t a l t e s t loop, a high 

speed p u m p d r i v e m e c h a n i s m , and i n s t r u m e n t a t i o n to m e a s u r e and c o n t r o l the 

s e v e r a l p a r a m e t e r s e n t e r i n g into eva lua t i on of the p e r m a n e n t - m a g n e t r o t o r p u m p 

p e r f o r m a n c e . 

A. T E S T L O O P 

A flow d i a g r a m of the t e s t loop i s shown in F i g u r e 9, and a p h o t o g r a p h of the 

t e s t loop d u r i n g the M a r k V p u m p t e s t is shown in F i g u r e 10. The loop w a s a 

c o m p l e t e l y we lded a s s e m b l y c o m p r i s e d of type 304 s t a i n l e s s s t e e l , 1 in . d i a m ­

e t e r , s c h e d u l e 40 p ip ing . The loop w a s m a d e up of the following m a j o r c o m ­

p o n e n t s : t e s t p u m p , c o n t r o l v a l v e , m a g n e t i c f l o w m e t e r , diffusion cold t r a p , 

c o m b i n e d " J " tube l iqu id l e v e l i n d i c a t o r s and s u r g e t a n k s , and c o m b i n e d d r a i n 

and fil l t ank . S y s t e m p r e s s u r e w a s c o n t r o l l e d with h e l i u m c o v e r g a s . R e s i s t a n c e 

h e a t e r s s t r a p p e d to the loop p ip ing w e r e u s e d to b r i n g the s y s t e m t e m p e r a t u r e 

to the o p e r a t i n g l e v e l in the r a n g e of 700 to 1 0 0 0 ° F . T h e t e s t loop w a s t h e r m a l l y 

i n s u l a t e d with a s b e s t o s . All va lve a d j u s t m e n t s and i n s t r u m e n t r e a d o u t s w e r e 

m a d e r e m o t e l y . 

B . P U M P DRIVE MECHANISM 

The need for a p u m p shaft speed of 40,000 r p m to s i m u l a t e the d e s i g n c o n d i ­

t ion c r e a t e d a p r o b l e m in s e l e c t i o n of a p u m p d r i v e m e c h a n i s m . O p e r a t i o n of 

t e s t p u m p s M a r k I, II, and III u t i l i z ed an e l e c t r i c m o t o r d r i v e in a s s o c i a t i o n wi th 

r e d u c t i o n g e a r s and d r i v e p u l l e y s , but s e r i o u s l i m i t a t i o n s w e r e e n c o u n t e r e d . 

T h e r a p i d w e a r and f r equen t f a i l u r e of the d r i v e b e l t s p r e v e n t e d s u s t a i n e d o p e r a ­

t ion of the p u m p and h a m p e r e d e x p e r i m e n t a l t e s t r u n s . A l so , a c c u r a t e m e a s u r e ­

m e n t of a c t u a l shaft p o w e r input w a s i m p o s s i b l e due to the n o n d e t e r m i n a b l e l o s s e s 

in the d r i v e m e c h a n i s m . 

A v a i l a b i l i t y of high speed e l e c t r i c m o t o r s ( g r i n d e r m o t o r s ) p e r m i t t e d d i r e c t 

d r i v e o p e r a t i o n of the M a r k V p u m p a t the d e s i g n speed of 40 ,000 r p m . The 

d r i v e u s e d w a s a 1.42 hp, 54,000 r p m , 2 p h a s e induc t ion m o t o r d i r e c t l y coupled 

to the p u m p shaft . Speed a d j u s t m e n t w a s ob ta ined in con t inuous i n c r e m e n t s f r o m 

15,000 to 40 ,000 by m e a n s of a f r e q u e n c y c o n v e r t e r p o w e r supply r a t e d a t 220 

v o l t s input 3(p and v a r i a b l e vo l t age output . 

N A A - S R - 5 2 4 4 
23 



24 in. 

36 in. 

SURGE TANK-
COMBINATION 

" j " TUBE MANOMETER 

M P-IMETER 

t" \ 

PRESSURE 
TRANSMITTER 

THROTTLE 
VALVE 

•36ln.-

CONNECTIONV_J 

COLD 
TRAP 

Figure 9- Flow Diagram of Pump Test Loop 

NAA-SR-5244 

24 



Figure 10. Puinp Test Loop 
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C. INSTRUMENTATION 

1. Developed Pump P r e s s u r e ^ 

Pump p r e s s u r e s at suction and discharge ends were determined by use of 

high t empera tu re p r e s s u r e t r a n s d u c e r s with pneumatic t r ansmi s s ion to a manom­

eter containing ei ther m e r c u r y or carbon t e t rach lo r ide . These p r e s s u r e s were 

checked sat isfactori ly with " J " tube level indicators in associat ion with pneumatic 

t r ansmis s ion to a m e r c u r y filled manomete r . Differential p r e s s u r e measu remen t 

accuracy was ± 1%. 

2. Flow Rates 

A cal ibrated liquid meta l magnetic flowmeter utilizing a permanent magnet 

was used to m e a s u r e the system flow r a t e s . The D-C signal output was recorded 

on an EMF potent iometer type r e c o r d e r ; flow measu remen t accuracy was ±1%. 

3. System Tempera tu re 

The t empera tu re of the liquid meta l was de termined with chromel -a lumel 

thermocouples attached to the surface of the loop piping at severa l locations proxi ­

mate to the tes t pump. A potent iometer type multipoint t empera tu re indicator 

was used for t empera tu re readout; accuracy was ±1%. 

4. Power Input 

Power input to the Mark V pump drive motor was m e a s u r e d with a dyna­

momete r type 50-800 cycle wat tmete r . Accuracy of the power reading was 

±3/4%. A cal ibrat ion was made of the high speed d i rec t dr ive motor with use 

of a dynamometer in o rder to de te rmine the actual power output of the motor as 

a function of power input. This cal ibrat ion curve is shown in F igure 11. 

The power inputs to the drive motor for Mark I, II, and III were measu red 

with a wa t tmete r . The aforementioned nondeterminate t r ansmiss ion lo s ses , 

however, reduced the significance of this measu remen t . 

5. Pump Speed 

Pump rotating speed was measu red with a tachometer utilizing an optical 

pickup and readout on a frequency m e t e r . A vibrat ing read tachometer was 

employed on t e s t s of Mark I-III. However, the hazards attendant to the requi red 

d i rec t readout of this ins t rument made it undes i rab le . Accuracy of the optical 

tachometer was ±1%. M 
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6. Magnet Flux Density 

Flux density m e a s u r e m e n t s of the magnet were made (prior to and after 

operation of the tes t pump) with a gaussme te r utilizing a bismuth probe . The 

magnets were stabilized by exposing them to the operating condition of the pump 

through severa l t empera tu re cycles produced by gradually heating and cooling 

the sys tem between 1000°F and ambient; subsequent change in naagnetic strength 

caused by normal operating conditions and standard handling p rocedures was 

negligible. Accuracy of the gaussmete r was ±1%. 

1000 

300 400 
OUTPUT (watts) 

700 

Figure 11. Calibrat ion Curve of Mark V Pump Drive Motor 

NAA-SR-5244 
27 



V. PROCEDURES 

i 
A. PUMP PERFORMANCE TESTS 

Head-capaci ty data were obtained for the four pe rmanen t -magne t ro tor pumps 

in the pump tes t loop. Tes t s were per formed with sodium and NaK-78; t es t p r o ­

cedures differed for the two liquid meta l s only in that loop preheat ing was r e ­

quired p r io r to charging of the sys tem with sodium. The following procedure 

was used in the testing of the Mark V pump and was general ly typical of all the 

pump t e s t s . The tes t loop was evacuated to 50 mic rons , charged with NaK-78, 

then filled with helium cover gas to a sys tem p r e s s u r e of'^ 6 psig. The tes t pump 

was then s tar ted at a relat ively low rotor speed (15,000 rpm) to c i rcula te the NaK. 

The NaK t empera tu re was elevated to operating level (usually 1000°F) by r e s i s t ­

ance hea te r s attached to the loop piping. The diffusion cold t rap was util ized to 

maintain the oxide concentrat ion at a low level . Tes t runs were made at constant 

pump rotor speed, NaK flow ra te and t e m p e r a t u r e . Measurements were taken 

of the following: 

1) Pump rotor speed 

2) NaK flow r a t e 

3) NaK t empera tu re 

4) Differential p r e s s u r e a c r o s s the pump. 

By adjustment of the flow control valve, differential p r e s s u r e measu remen t s 

were obtained over a range of flow ra t e s at constant pump speed and sys tem t em­

p e r a t u r e . This p rocedure was repeated over a range of pump speeds and addi­

tional p a r a m e t e r s as follows: 

Pump speed 15,000 to 40,000 rpm 

Fluid t empera tu re 700 to 1000°F 

Magnet flux density 1400 to 1800 gausses 

B. HYDRAULIC LOSSES 

The internal p r e s s u r e losses of the four tes t pumps were m e a s u r e d in a 

water loop, which permi t ted measu remen t of pumping section hydraulic losses 

pr ior to incorporat ion of the pumping section design into the pump assembly . 
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7 By application of the pr inc ip les of model test ing, which requ i re geometr ic and 

dynamic s imi lar i ty between the model and the prototype, the pump p r e s s u r e 

losses measu red in the water sys tem were converted to los ses in the liquid 

meta l sys tem. Dynamic s imi lar i ty was obtained by making the Reynolds number 

of the model equal to the Reynolds number of the prototype. The following r e l a ­

t ionships, based upon the Darcy equation for head loss due to pipe friction, a re 

employed to convert the water tes t data. 

w \ D 2g 144/ \ ^ /w 

(AP) m \̂  D 2g 144^^ 

where subscr ip ts w and m denote water and liquid metal , respect ive ly . For 

s imi lar geometry and equal Reynolds numbers : 

/ fL \ / fL \ 
2gD/ \ 2 g D / 

therefore . 

(AP) (AP) 
w m 

(v'/^)^ (v'/)), 
w ' m 

also 

/ w \ / m 

V V 
w w V V 
m m 
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therefore . 

(V p) 
(AP) = A P ^ "^ w , 2 , 

{v p) 
w 

F o r water at 80°F and NaK-78 at 1000°F 

AP = 0.051AP m w 

The hydraulic l o s ses for the tes t pumps a r e shown in F igure 12. 

C. MEASUREMENT OF MAGNET FLUX DENSITY 

The p rocedure used in this exper imental p r o g r a m for determining the flxix 

densi t ies of the severa l magnets employed was to m e a s u r e the flux density of 

each magnet before and after the s e r i e s of tes t runs with a gaussmete r . The 

m e a s u r e m e n t s were performed outside of the pump assembly after the magnets 

had been thermal ly cycled to include the effect of t empe ra tu r e upon the magni ­

tude of flux density under pump operating conditions. Since the flux density 

under dynamic conditions may be different from the static measurement , adynamic 

measu remen t was made by the use of a one- turn coil instal led in the a i r gap 

between the ro tor and the pumping section as shown in F igure 13. The e lec t ro ­

motive force developed by the rotating magnetic field was recorded with a vacuum 

tube vol tmeter , the flux density was then calculated by application of the standard 

equation: 

^ A = ^ A ^ -

where 

E = induced emf (volts) 

B . = average magnetic flux density (gausses) 

i = length of coil (cm) 

V - velocity of rotating magnet ic field (cm/sec) 

NAA-SR-5244 
30 



10 
9 
8 
7 

6 

5 

4 

a. 

Q. 
O 
Q: 
Q 

I 0 
y 0 9 
ID 0 8 
</5 0 7 
CO 
UJ 
tr 
Q. 

0 6 

0 5 

0 4 

0 3 

0 2 

0 I 1 

MARK 31, NaK AT lOOOT 
MARK3Z:, Na AT lOOO'F 

MARKin, No AT lOOCF 
MARKE, Na AT lOOO'F 

J_ J I I I I I I J L_± J_± 
0 10 

FLOW RATE (gpm) 

Figure 12. Hydraulic Losses of the Radial Gap E-M Tes t Pumps 

100 

NAA-SR-5244 
31 



> 
> 

4^ 

DRIVE MOTOR 

PUMP HOUSING 

LAMINATIONS 

Figure 13. Assembly for Dynamic Measurement of Magnet Flux Density 



Tak ing into a c c o u n t the s i n u s o i d a l flux d i s t r i b u t i o n in the d i r e c t i o n n o r m a l to the 

r o t o r a x i s : 

^ G " T ^ A 

w h e r e 

B _ = p e a k m a g n e t i c flux d e n s i t y 
G 

The fol lowing da ta w e r e ob ta ined with the Aln ico V m a g n e t u s e d in t e s t i n g 

of the M a r k V p u m p : 

1) S ta t i c m e a s u r e m e n t 

F i n a l flux d e n s i t y 1550 g a u s s e s 

2) D y n a m i c m e a s u r e m e n t s at 1000°F 

R o t o r Speed M a g n e t F l u x D e n s i t y - B . 
( rpm) ( g a u s s e s ) 

15,000 1606 

25,000 1628 

30,000 1625 

35,000 1531 

40 ,000 1520 

R e a s o n a b l e a g r e e m e n t w a s ob ta ined b e t w e e n the s t a t i c and d y n a m i c m e a s u r e ­

m e n t . The d e c r e a s e in B . o b s e r v e d wi th i n c r e a s i n g r o t o r speed can be a t t r i b -

u ted to the effect of a r m a t u r e r e a c t a n c e . 

D . D E T E R M I N A T I O N OF P U M P E F F I C I E N C Y 

E f f i c i e n c i e s for the M a r k V p u m p w e r e d e t e r m i n e d a s fo l lows: 

W 
77 = - ^ X 100 

w. 
1 

w h e r e 

rj = ef f ic iency (%) 

W = fluid p o w e r output (wat ts) 

W. = shaft p o w e r input (wa t t s ) . 
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D e t e r m i n a t i o n of f luid p o w e r output: 

W = 0 .435PQ (wat ts ) 
o 

w h e r e 

P = deve loped p r e s s u r e (psi) 

Q = flow r a t e ( g a l / m i n ) . 

D e t e r m i n a t i o n of shaft p o w e r input: The p u m p shaft p o w e r input w a s ob ta ined 

f r o m a c a l i b r a t i o n of the p u m p d r i v e m o t o r . T h e M a r k V p u m p d r i v e m o t o r w a s 

c a l i b r a t e d wi th a d y n a m o m e t e r to d e t e r m i n e the output shaft p o w e r a s a funct ion 

of input p o w e r , shown in F i g u r e 1 1 . D u r i n g each t e s t r u n the p o w e r input to the 

d r i v e m o t o r w a s m e a s u r e d with a p r e c i s i o n w a t t m e t e r ; t he p u m p shaft p o w e r 

input w a s then ob ta ined f r o m the c a l i b r a t i o n c u r v e . 

The c o m b i n e d b e a r i n g f r i c t i on and windage l o s s e s for the punap r o t o r s w e r e 

d e t e r m i n e d by m e a s u r e m e n t s of the p o w e r r e q u i r e d to r o t a t e a d u m m y (non­

m a g n e t i c ) r o t o r . The windage l o s s e s in the s p a c e e n v i r o n m e n t wi l l be neg l ig ib l e , 

but the f r i c t i on l o s s e s wil l s t i l l o c c u r . S ince t h e r e w e r e no p r a c t i c a l m e a n s of 

i s o l a t i n g the w indage l o s s e s , the c o m b i n e d l o s s e s a r e i nc luded in the va lue of 

shaft p o w e r input . The c o m b i n e d l o s s e s for the M a r k V p u m p a r e shown in 

F i g u r e 14. 

6 0 

50 

40 

- ^ 

/ 

25,000 30,000 

ROTOR SPEED (rpm) 

F i g u r e 14. C o m b i n e d F r i c t i o n and Windage L o s s e s of 
the M a r k V P u m p R o t o r 
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VI. TEST RESULTS AND DISCUSSION 

C o m p a r a t i v e p e r f o r m a n c e c h a r a c t e r i s t i c s of the four r a d i a l gap r o t a t i n g 

p e r m a n e n t m a g n e t induc t ion p u m p m o d e l s a r e p r e s e n t e d in F i g u r e s 15 and 16. 

H e a d - c a p a c i t y c u r v e s a r e p r e s e n t e d for e a c h of t h e p u m p s . The t e s t r e s u l t s 

a r e s u m m a r i z e d in T a b l e I. B e c a u s e of the long p e r i o d s b e t w e e n t e s t i n g of the 

p u m p s , t e s t cond i t ions v a r i e d . Work ing fluid, m a x i m u m r o t o r speed , i n s t r u ­

m e n t a t i o n , and r a n g e s of t e s t p a r a m e t e r s w e r e changed to c o r r e s p o n d wi th 

c h a n g e s in SNAP 2 s y s t e m r e q u i r e m e n t s , a v a i l a b i l i t y of i m p r o v e d m a t e r i a l s 

and equ ipmen t , and n e e d for a d d i t i o n a l t e s t i n f o r m a t i o n . 

T A B L E I 

SUMMARY OF RADIAL G A P E L E C T R O M A G N E T I C P U M P TEST R E S U L T S 

T e s t 
P u m p 

M a r k I 

M a r k II 

M a r k III 

M a r k III 

M a r k V 

M a r k V 

Weigh t 
(lb) 

5 

8 

4 

4 

3 

3 

F l u i d 

Sod ium 

Sodium 

Sodium 

NaK 

Sodium 

NaK 

T e m p e r a t u r e 
(°F) 

360 

995 

7 6 0 

7 9 0 

1000 

1000 

R o t o r 
Speed 
( rpm) 

34,400 

34,650 

21,550 

21,550 

34,800 

40 ,000 

M a g n e t 
F l u x 

(gauss ) 

-

-

960 

960 

1400 

1700 

Maximum' ' ' 
D e v e l o p e d 
P r e s s u r e 

(psi) 

5.5 

3 .6 

1.1 

0 .6 

8 .4 

8 .9 

M a x i m u m 
F l o w 
(gpm) 

1.6 

17.9 

8.0 

3 .9 

8.1 

8. 2 

^ M e a s u r e d at z e r o flow 

A. MARK I 

T h e M a r k I p u m p w a s t e s t e d a t a m a x i m u m r o t o r speed of 34,400 r p m wi th 

s o d i u m at 3 6 0 ° F . The t e s t s u c c e s s f u l l y d e m o n s t r a t e d the f e a s i b i l i t y of u s ing 

t h e r o t a t i n g p e r m a n e n t m a g n e t induc t ion p u m p for the SNAP 2 a p p l i c a t i o n . The 

s t e e p d e c l i n e of the h e a d - c a p a c i t y c u r v e , h o w e v e r , i n d i c a t e d the need for i m ­

p r o v e m e n t of the p u m p ' s h y d r a u l i c c h a r a c t e r i s t i c s . 

B . MARK II 

The M a r k II p u m p w a s t e s t e d a t a m a x i m u m r o t o r speed of 34,650 r p m with 

s o d i u m at 9 9 5 ° F . T h e d e s i g n flow r a t e of t h i s p u m p , 6.6 gpm of sod ium, w a s 
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a c h i e v e d wi th a d e v e l o p e d p r e s s u r e of 2.9 p s i , s l igh t ly be low the d e s i g n po in t of 

3 p s i . The p u m p ' s h y d r a u l i c c h a r a c t e r i s t i c s w e r e s a t i s f a c t o r y , but i t s we igh t 

of 8 pounds w a s e x c e s s i v e . T h i s p u m p d e s i g n c l e a r l y d e m o n s t r a t e d tha t the 

r a d i a l gap p u m p c o n c e p t h a s suff ic ient c a p a b i l i t y for the SNAP 2 s y s t e m . 

C. MARK III 

The M a r k III p u m p w a s t e s t e d a t a m a x i m u m r o t o r speed of 21,550 rpnn with 

s o d i u m a t 760 ' ' F and NaK a t 7 9 0 ° F . T h i s p u m p d e s i g n r e p r e s e n t e d an a t t e m p t 

to a p p r o a c h the SNAP 2 p u m p flow and we igh t r e q u i r e m e n t s . The l e n g t h s of the 

m a g n e t r o t o r a s s e m b l y and the pumping s e c t i o n w e r e m a d e s m a l l e r than the 

M a r k II p u m p c o m p o n e n t s in o r d e r to r e d u c e the p u m p we igh t . 

The p e r f o r m a n c e of t h i s p u m p w a s be low e x p e c t a t i o n . T h e c a l c u l a t e d s h u t -

off p r e s s u r e w a s 2.4 p s i c o m p a r e d to the e x p e r i m e n t a l va lue of 1.1 p s i ob ta ined 

with s o d i u m and wi th the s h o r t (1.15 in.) m a g n e t l eng th . T h e h y d r a u l i c and 

d y n a m i c e l e c t r o m a g n e t i c l o s s e s of t h i s p u m p w e r e r e l a t i v e l y s m a l l ; t he dif­

f e r e n c e b e t w e e n the shutoff p r e s s u r e of 1.1 p s i and d e v e l o p e d p r e s s u r e a t m a x i ­

m u m flow of 7.6 g p m w a s 0.85 p s i . The m a x i m u m a t t a i n a b l e r o t o r speed of 

21,550 p p m w a s due to the r o t o r be ing s l igh t ly out of b a l a n c e . B e c a u s e of the 

p o o r p u m p p e r f o r m a n c e , t he r o t o r b a l a n c e w a s not c o r r e c t e d . 

M a r k III w a s t e s t e d wi th both s o d i u m and NaK to p e r m i t eva lua t i on of the 

p u m p i n g c h a r a c t e r i s t i c s of the NaK, which, hav ing a h i g h e r r e s i s t i v i t y (79 x 
- 3 - 3 

10 o h m s at 1000°F c o m p a r e d to 29 x 10 a t 1000°F) i s m o r e difficult to p u m p 

e l e c t r o m a g n e t i c a l l y . The t e s t r e s u l t s ob t a ined with NaK c i r c u l a t e d in p l a c e of 

sod ium i n d i c a t e d a d e c r e a s e in deve loped p r e s s u r e a t shutoff of 36%. The c a l ­

c u l a t e d d e c r e a s e in shutoff p r e s s u r e w a s 56%. 

D . MARK IV 

The M a r k IV p u m p w a s not bu i l t b e c a u s e of d e s i g n c h a n g e s which led to the 

M a r k V d e s i g n . 

E . MARK V 

The M a r k V p u m p e x c e e d e d the o r i g i n a l SNAP 2 p u m p r e q u i r e m e n t s of 

c i r c u l a t i n g 6.6 g p m of s o d i u m at 3 p s i d e v e l o p e d p r e s s u r e , t e n a p e r a t u r e of 

1000°F and p u m p weigh t of 3 p o u n d s . With NaK a s the coo lan t t h e p u m p p e r ­

f o r m a n c e w a s be low d e s i g n r e q u i r e m e n t s , the e x p e r i m e n t a l flow r a t e a t 3 p s i 

d e v e l o p e d p r e s s u r e w a s 6.8 g p m . 
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M a r k V w a s t e s t e d o v e r r a n g e of cond i t i ons a s fo l lows: 

Work ing fluid Na; N a K - 7 8 

F l u i d t e m p e r a t u r e 700 to 1000°F 

R o t o r s p e e d 10,000 to 40 ,000 r p m 

M a g n e t flux 1400 to 1800 g a u s s 

T h e h e a d - c a p a c i t y c u r v e s for v a r i o u s m a g n e t flux l e v e l s wi th r o t o r s p e e d 

a s a p a r a m e t e r a r e shown in F i g u r e s 17 t h r o u g h 20. A c o m p a r i s o n of the c a l ­

cu l a t ed h e a d - c a p a c i t y c u r v e , wh ich i n c l u d e s the m e a s u r e d h y d r a u l i c l o s s e s , with 

an e x p e r i m e n t a l h e a d - c a p a c i t y c u r v e i s shown in F i g u r e 2 1 . Since the m a g n e t 

flux d e n s i t y d i s t r i b u t i o n in the a i r gap and the l eng th of the induced c u r r e n t pa th 

in the l iquid m e t a l , f a c t o r s af fec t ing B- , and A in the d e s i g n Equa t i on 1, a r e not 

a m e n a b l e to p r e c i s e d e t e r m i n a t i o n , the a g r e e m e n t betw^een the m e a s u r e d and 

p r e d i c t e d h e a d - c a p a c i t y c u r v e s can be d e e m e d r e a s o n a b l e . T h e d i f f e r e n c e s 

b e t w e e n the p r e d i c t e d deve loped p r e s s u r e s and the e x p e r i m e n t a l v a l u e s a t t he 

h i g h e r flow r a t e s a r e a t t r i b u t e d to the i n d e t e r m i n a t e b r a k i n g a c t i o n of t h e m a g n e t i c 

field upon the l iquid m e t a l . F i g u r e s 22 and 23 p r e s e n t a c o m p a r i s o n of the e x ­

p e r i m e n t a l and c a l c u l a t e d v a l u e s of shutoff h e a d a s a funct ion of r o t o r speed for 

both the Aln ico V and Aln ico VI m a g n e t s . The c a l c u l a t e d shutoff p r e s s u r e s for 

both r o t o r s at 40 ,000 r p m a r e - ^ 1 8 % be low the e x p e r i m e n t a l v a l u e s . T h e p e r ­

c e n t a g e v a r i a t i o n o v e r the r o t o r speed r a n g e of 15,000 to 40 ,000 r p m r e m a i n s 

f a i r l y c o n s t a n t . T h e e x p e r i m e n t a l h e a d - c a p a c i t y c u r v e s ob ta ined a t c o n s t a n t 

r o t o r speed of 40 ,000 r p m wi th t e m p e r a t u r e a s a p a r a m e t e r a r e shown in 

F i g u r e 24. T h e effect of t e m p e r a t u r e should be m a i n l y due to the changed 

r e s i s t i v i t y of the N a K - 7 8 . T h i s i s b o r n e out by a c o m p a r i s o n of the e x p e r i ­

m e n t a l shutoff h e a d s a s a function of t e m p e r a t u r e and t h e c a l c u l a t e d v a l u e s 

shown in F i g u r e 25; the s l o p e s of the two c u r v e s a r e a p p r o x i m a t e l y equa l . 

T h e e f f i c i enc ies of the M a r k V p u m p , t e s t e d with the s e v e r a l m a g n e t - r o t o r 

a s s e m b l i e s , a r e p r e s e n t e d in F i g u r e 26 a s a funct ion of t h e p u m p c a p a c i t y . T h e 

p e a k eff ic iency, 2%, w a s ob ta ined at s l igh t ly l e s s than one -ha l f of d e s i g n flow. 

T h e e f f i c i enc i e s u n d e r s p a c e cond i t i ons wi l l be s l igh t ly h i g h e r s i n c e w indage 

l o s s e s wi l l be g r e a t l y r e d u c e d . The l ower ef f ic iency of the p u m p wi th the 

Aln ico VI m a g n e t r o t o r a s s e m b l y w a s due to a s m a l l i m b a l a n c e of the r o t o r 

which i n c r e a s e d the f r i c t ion l o s s e s . T h e v a r i a t i o n of ef f ic iency wi th r o t o r s p e e d 

i s shown in F i g u r e 27. The p e a k eff ic iency, 2.2%, w a s r e a c h e d wi th a r o t o r 

s p e e d of 30,000 r p m . 
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VII. CONCLUSION 

The radia l gap permanent -magne t pump is capable of circulat ing 1000°F 

sodium or NaK at magnet rotor speeds as high as 40,000 rpm with reasonable 

efficiency. The simplici ty of design, essent ial ly a helical ly coiled tubular 

pumping duct nnounted coaxial to the rotating cyl indrical magnet which acts as 

an inductive power source and p e rmi t s complete containment of the liquid metal , 

affords a high degree of rel iabi l i ty making the Mark V pump design suitable for 

application to SNAP reac to r sys tems utilizing NaK coolant. The agreement 

obtained between the experimental ly de termined pump per formance c h a r a c t e r ­

i s t ics and the design predict ions plus the demonst ra ted capability of the radia l 

gap pump indicate that a pump which will meet the SNAP 2 requ i rements can 

be produced with l i t t le further development work. 
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APPENDIX A 

SAMPLE CALCULATIONS 

THEORETICAL PRESSURE DEVELOPED BY THE MARK V PUMP 

System p a r a m e t e r s for the case of circulat ion of 1000°F NaK with rotor 

eed of 40,000 rpm at zero flow were as follows: 

V = ^ ^ ^ = 9360 cm/sec 

syn 60 

X = 3.60 cm (average length of pumping section) 

T = 7.03 cm 

8 - 0.660 cm 
8^ = 0.508 cm 

B 
7T 

: 1550 gausses ; B_, = - j B . 
3 

p - 7 6 . 9 x 1 0 abohm-cm. 

Conversion factor: 1 ps i = 68,944 dynes / cm 

P = 
V \B% syn G 
2/)(68,944) 

5.87 ps i . 

i T X 

' ^ i -

4V 8 > syn 1 
- i 2 ^ 

T X 
J 

CALCULATED DEVELOPED PRESSURE UNDER FLOW CONDITIONS 

P = P - P - P 

net axial hydraulic 

System p a r a m e t e r s as in (A) except for flow ra te 

Flow ra te = 6 gpm 

V , - 696 cm/sec 
V, = V, t a n 0 = 99.4 c m / s e c la 1 
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r 

1. P 
(V - V j X B r . 
^ syn 1̂  G ^ 

2yo(68,944) < 

•N 

T X 

"4(V - V , ) S , X ' 
^ syn 1 1 

- l 2 

v-
T X 

P = 5.81 p s i 
J 

2. P 
^ l a ^ ^ G 

X , 2T 

a x i a l 2/3(68,944) 4V, 8 / l a 1 X 2 r 
2 T X 

-12 

P . , = 2.04 p s i a x i a l ^ 

3. P , J , . ( f rom F i g u r e 12) h y d r a u l i c ^ ^ ' 

P , , = 3.0 p s i 
hyd ^ 

, P , = 2.77 p s i . 
ne t ^ 
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NOMENCLATURE 

B . = average value of magnetic flux, gausses 

B-̂  = naaximum value of magnetic flux, gausses 

D = equivalent diameter of pump duct 

E . = induced emf, volts 

f = friction factor for flow through a tube 
2 

g = acceleration of gravity, ft/sec 

h - circumference of pump duct measured along centerline, cm/sec 

1 - length, cm 

L = magnet diameter, cm 
m ^ ' 

n = rotor speed, rpm 

P = pressure rise across pump, psi 

P . , = electromagnetic pressure loss, psi 

P. J , . = hydraulic pressure loss, psi 
hydraulic •' ^ ' -̂  

A P = pressure drop in liquid metal system 

AP = pressure drop in water system 

Q = flow rate, gal/min 

V = field velocity, cm/sec 

V = fluid velocity, ft/sec 
V, = liquid velocity along centerline of stream in a direction tangent 

to the centerline and normal to the axis 
V = field velocity along centerline of stream, cm/sec s y n y & 5 ' 

W . = p o w e r i n p u t , w a t t s 

W = p o w e r o u t p u t , w a t t s 

0 = r a d i a l a i r - g a p , c m 

O, = i n t e r n a l w i d t h of p u m p d u c t , c m 

X = a x i a l l e n g t h of e l e c t r i c a l c o n d u c t i o n p a t h i n p u m p d i r e c t , c m 

Tj = e f f i c i e n c y 
p - electrical resistivity of liquid metal, abohm-cm; density, 

Ib/cu-ft 
T = pole pitch measured along centerline of pump duct, cm 
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