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ABSTRACT 

A l inear induction pump of a special design was used to c i rcula te molten 

sodium through a mockup of an exper imenta l "overflow" type of sodium-cooled 

r e a c t o r . 

The dist inctive fea tures of this pump a r e that no seals or moving pa r t s a r e 

required; no piping is r equ i red to c a r r y sodium to the pump or away frona it 

because the pump is mounted d i rec t ly on the reac to r vesse l , with the windings 

outside of the vesse l and the magnet ic flux r e tu rn path inside the vesse l . 

The pump develops 342 gpm at 6.2 ps i when pumping sodium having a t em

pe ra tu r e of 600"F with an efficiency of 4.7%. 
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I. INTRODUCTION 

A. GENERAL 

Liquid meta l -cooled r e a c t o r s can be operated quite sat isfactori ly with e lec 

t romagnet ic pumps . Commerc ia l " in - l ine" pumps a r e available, and theory of 

their operat ion is well known. In o rde r to pe r fo rm serv ice on these pumps, they 

must genera l ly be removed from the piping sys tem in which they a r e installed, 

and at the very leas t , the compar tment in which they a r e located must be entered. 

Because of the induced radioact ivi ty in the p r i m a r y c i rcu i t s of sodium cooled 

r e a c t o r s , this often r e su l t s in a delay while Na-24 activity is decaying. 

In an a t tempt to min imize down-time necess i ta ted by sodium decay, a p r i 

m a r y c i rcui t completely enclosed in a single tank has been proposed. In order 

to c i rcula te sodium past the var ious heat t ransfe r components instal led in this 

tank, an e lec t romagnet ic pump, in which removable windings a r e outside the p r i 

m a r y tank, was designed. These windings, which a r e the most likely pa r t s of 

the pump to r equ i re maintenance , a r e not in contact with liquid metal and a r e 

not significantly activated by neutron bombardment because of neutron shields 

placed within the reac to r tank. Only magnetic flux r e tu rn paths of silicon steel , 

jacketed with s ta in less s teel , a r e actually placed in the sodium; no maintenance 

p rob lems a r e expected from these flux r e t u r n pa ths . Therefore , maintenance 

or rep lacement of vital p a r t s of these pumps could be expected not to c rea te 

long delays when the sys tem is shut down for maintenance. 

In o rde r to demons t ra te the feasibil i ty of this concept, and to check theo

re t i ca l per formance pred ic t ions , a mockup of this pump was made and tes ted. 

All components then were sized to fit a proposed exper imental reac tor ; pe r fo rm

ance exceeded predic ted values of flow, p r e s s u r e r i s e , and efficiency. 

B . PUMP DESCRIPTION 

Each pump cons i s t s of two major p a r t s : these a r e the stator and the flux 

r e t u r n path. The stator is outside the annulus; the flux r e tu rn path is inside the 

annulus (Figures 1 and 2). 

1. Pump Stator 

The s tator has a d is t r ibuted winding s imi lar to that of an ordinary 3-phase 

motor ; when the windings a r e connected to a 3-phase source of power, cu r ren t 

1 
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flowing in the stator windings se ts up magnetic flux which pas se s through the 

outer wall of the annulus, through the sodium, into the flux r e tu rn path, within 

the flux r e t u r n path in a ver t i ca l direct ion, then back out through the sodium and 

annulus wall to the s ta tor . 

As the c u r r e n t s in success ive por t ions or "po le -phase -g roups" of the 

ver t ica l ly dis t r ibuted stator winding conne to maximum values, the magnetic flux 

in the sodium moves downward inducing eddy-cur ren t s in the sodium. Reaction 

between the magnetic fields of eddy-cu r ren t s and stator cu r ren t s causes pumping 

action to take p lace . 

A dist inct ive feature of this pump is i t s division into an active magnetic 

surface (the s tator) and a pass ive magnetic surface (the flux r e tu rn path), A 

l inear induction pump, as o rd inar i ly constructed, has the stator in two pa r t s , 
2 3 4 

one on each side of the sodium passage . ' ' 

Another dist inctive feature of this pump is i ts coil construction. The coil 

i s flat, which makes it easy to wind. The coil a r rangement pe rmi t s circulat ion 

of cooling a i r to th ree - four ths of the coil surface. (See F igures 3, 6, and 8. ) 

Another advantage of the coil construct ion is that each coil (or pair of 

adjacent coils) is r equ i red to satisfy the magnetic field conditions at only one 

location. In ord inary l inear induction pump construction, each coil is shaped so 

that both sides a r e in s lots which a r e spaced near ly one pole pitch apar t . The 

discontinuous or open-ended magnet ic c i rcui t , in a l inear induction pump, causes 

the cha rac te r of the magnetic field to be different in the mid-por t ion of the pump 

as compared to i ts cha rac te r at the ends . This means that the magnetizing cu r 

rent in each coil of an o rd inary l inear induction pump cannot satisfy the a i r -gap 

magnetic field conditions at the coil side locat ions. 

2. Control of Flow Rate 

Flow ra te control is achieved by adjustment of the a -c voltage supplied to 

the pump t e r m i n a l s . This r e q u i r e s the use of a device such as a var iable-vol tage 

au to t rans former , or an induction voltage regula tor , Sa turable-core r eac to r s may 

be used in place of the au to t rans fo rmer or the regula tor . 

3 



II, DESCRIPTION OF THE APPARATUS USED IN THE PUMP TEST 
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Figure 5. Stator Lamination 

Refer to F igure 3, which shows the 

pump mounted on the tes t loop and to 

F igure 4, which is a schematic e leva

tion of the tes t loop. It mus t be kept in 

mind that the only purpose of the pipe 

c i rcui t was to provide a loop for c i r cu 

lation of sodium to obtain tes t data. In 

an actual instal lat ion of the pump on a 

r eac to r , the pump "loop" would consis t 

of the annulus and core p a s s a g e s . 

A. PUMP DETAILS 

1. Stator 

The pump stator cons is t s of a 

17.5 in. wide stack of s teel laminat ions 

each 0.014 in. thick, with slots as shown 

in F igure 5. The stator winding con

s i s t s of 12 coils; a typ ica l coil is detailed 

in F igure 6. 

2. Fliix Re turn Path 

The flux r e tu rn path consis ts of 

silicon steel laminat ions having the 

same thickness and width as the s tator , 

but without s lo ts . The flux r e t u r n path 

is sealed in a jacket of s ta in less s teel 

1/16-in. thick to prevent sodium from 

coming in contact with the sil icon s teel . 

The stator and flux r e t u r n path 

a r e mounted opposite each other with 

the stator on the outside and the flux 

r e tu rn path on the inside of a tank which 

is par t of the t e s t loop. 



INSIDE COIL LEAD 
40in LONG" 

F i g u r e 6, S t a to r Coi l 

B . P U M P T E S T L O O P 

The p u m p t e s t loop i s f a b r i c a t e d f r o m 

Type 304 s t a i n l e s s s t e e l ; a l l p ip ing in c o n 

t a c t wi th s o d i u m i s 3 - in . s c h e d u l e 40, The 

ven t l i n e s a r e 1-in. m i l d s t e e l p i p e . The 

o u t e r and i nne r a n n u l u s w a l l s a r e 1 /4- in . 

t h i c k . F i g u r e 7 i s a c u t a w a y v iew of the t a n k showing r e l a t i v e p o s i t i o n s of s t a t o r 

and flux r e t u r n pa th in a d d i t i o n to s o m e of the t ank d i m e n s i o n s . F i g u r e 8 i s a 

top v iew showing width of s t a t o r and flux r e t u r n p a t h . Suct ion and d i s c h a r g e 

p r e s s u r e g a u g e s and a n e l e c t r o m a g n e t i c f l o w m e t e r a r e u s e d to ob t a in p r e s s u r e 

r i s e a n d flow r a t e d e v e l o p e d by t h e p u m p . The t h r o t t l i n g va lve i s u s e d to s i m u 

l a t e a v a r i a b l e h y d r a u l i c l o a d , 

C. F L O W R A T E C O N T R O L 

C o n t r o l of p u m p c u r r e n t i s o b t a i n e d t h r o u g h t h e u s e of a v a r i a b l e a u t o - t r a n s 

f o r m e r hav ing a n output r a t i n g of 90 a m p a t 540 v, 3 - p h a s e , 6 0 - c y c l e . 

12 COILS < 

INDUCTION PUMP 
LAMINATIONS 

FLUX RETURN PATH MADE UP 
OF SILICON STEEL LAMINATIONS 
CONTAINED IN 58 JACKET 1/16" 
THICK 

•TYPE 304 SSTANK WALLS 

PUMP SUPPORT NOT SHOWN 

Figure 7. Cutaway View of Tank and Pump 

5 



:A/) 
D. AUXILIARY COOLING EQUIPMENT 

3 

A blower of 900 ft /min capacity fur

n ishes cooling a i r to the stator coi l s . The 

blower keeps the outside coil surface t e m 

p e r a t u r e from exceeding 300 "F after 8 

hours of s teady-s ta te operat ion when pump 

ing sodium at 6 0 0 ' F . The coil t e m p e r a 

tu re i s m e a s u r e d by a surface thermocouple -

type pyromete r held against the surface of 

a coil where the coil emerges from the 

s tator slot. 

III. OUTLINE OF TEST PROCEDURE 

After f i r s t drying the loop and purging with iner t gas, a l l pa r t s to be in con

tact with sodium were p rehea ted to 350"F with rod h e a t e r s . When the loop was 

filled with sodium, with the throt t le valve wide open, the pump was energized 

from a 3-phase source at 400 v obtained by means of a var iab le au to t r ans fo rmer . 

Readings were taken of suction and d ischarge p r e s s u r e s , flow ra t e , and power 

input to the pump. 

The flow was reduced 10% by the throt t l ing valve, and readings were taken 

again. This p rocedure was followed until shutoff valve posit ion was reached . At 

each step, the flow was reduced by 10% of that obtained when the valve was wide 

open. 

Sodium t e m p e r a t u r e was mainta ined at an ave rage value of 6 0 0 ' F , with 

swings of ± 7 5 " F . 

6 

Figure 8. Top View of Test 
Loop Tank and Pump 



IV. PROCESSING OF TEST DATA 

A. CALCULATION OF PRESSURE RISE ACROSS PUMP 

The net p r e s s u r e r i s e a c r o s s the pump is the difference between discharge 

and suction p r e s s u r e s , co r r ec t ed for the difference in initial readings of the 

discharge and suction p r e s s u r e gauges (Figures 3 and 4). 

To i l lus t ra te the p rocedure for calculating net p r e s s u r e r i s e , a s sume that 

with the pump ready for a t es t run, the readings on the gauges before turning on 

the power a r e P , ps i on the d i scharge gauge and P^ psi on the suction gauge. 

Assume that after turning on the power, the discharge gauge reads P_^ psi and 

the suction gauge r e a d s P ^ ps i , and that the flow of sodium is Q gallons per 

minute. The net p r e s s u r e r i s e P due to pump action is 

P = ( P ^ - P i ) - (Pg - ^2) = ^ D - ^ 1 + ^ 2 - ^S • 

B. CALCULATION OF PUMP EFFICIENCY 

The efficiency ê  i s calculated from the equation 

0.435PQ e — —. , — Power input to pump 

See Appendix C for der ivat ion of the factor 0.435. 



V. DISCUSSION OF CURVES OBTAINED FROM PUMP TEST 
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Flow 

The curve for p r e s s u r e vs flow of 

this pump (Figure 9) shows a re la t ion

ship which is typical for an induction 

pump. It is poss ible to design an induc

tion pump that will develop i ts max i -

munn p r e s s u r e at any flow from shut-

off to a flow which will be within 10% 

of synchronous flow. Synchronous flow 

is the flow ra te that would be obtained 

if the sodiuna t rave led through the pump 

at the velocity of the t ravel ing field. 

In th is r e spec t , induction pump design 

follows the same pa t t e rn a s induction 

motor design, in that an induction motor 

can be designed for maximum torque 

at speeds from standst i l l up to about 

5% of synchronous speed. 

The curve of efficiency vs flow of 

this pump (Figure 10) shows that the 

maximum efficiency occurs at some 

flow ra te above the highest flow r a t e 

obtained (342 gpm). This is a typical 

re la t ionship for an induction pump. 



VI. CONCLUSIONS 

The pump met the flow ra te r equ i remen t of 240 gpm; the p r e s s u r e r i s e 

a c r o s s the pump at this flow ra te was 6.1 ps i . The specified requi rement of 

10 ps i could not be met due to the l imit imposed by the rating of the variable 

au to t rans former which supplied the pump. 

The r e su l t s obtained in the pump t e s t s verify the application of Rudenberg 's 
4 

equation to the design of this type of e lectromagnet ic pump. The procedure 

that is given in this r epo r t can be used to design s imi lar l a rge r induction punaps 

for r e a c t o r s whose outputs may run to hundreds of megawat ts . 



APPENDIX 

A. DESIGN PROCEDURE 

This is the p rocedure that was followed in designing the l inear induction 

pump for the mockup tes t of the overflow type r e a c t o r . 

Symbol 

Q 

^ 1 

P 

^1 

^2 

f 

S 

^1 

^2 

Meaning 

Volumetric flow r a t e of liquid meta l through pump. 

Velocity of liquid meta l through pump. The magnitude 

of V, was set at 156 in. / s e c from hydraulic cons ide ra 

t ions . 

P r e s s u r e to be developed by the pump, m e a s u r e d a c r o s s 

the pump at points of connection to the pipe sys tem. 

Width of liquid meta l path. See F igure 8. This quan

tity is fixed by the r eac to r design. 

Thickness of liquid meta l path (Figure 7) 

2 v jd j 

Frequency of power source . 

Pole pitch. The p rocedure is to a s s u m e an initial 

value for d_, then work out the coil cu r r en t I- , and 

recheck d_ to make ce r ta in that the p\imp will fit into 

the available space . The value given he re is the final 

value after two t r i a l s . 

E lec t r i ca l r e s i s t iv i ty of liquid me ta l . For sodium. 

the value of r , at the des i red operat ing t e m p e r a t u r e 

of 600' 'F is 7.1 X 10"^ ohm-in.^ 

E lec t r i ca l r es i s t iv i ty of Type 304 s ta in less s tee l . The 

value of r^ at 600 "F is 36.8 x lO" ohm-in . 

Magnitude 

240 gpm 

156 i n . / s e c 

10 psi 

17.5 in. 

0.400 in. 

60 cps 

9 in. 

7.1 X 10"^ 

ohm-in . 

36.8 X 10"^ 

ohm- in . 
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Symbol Meaning Magnitude 

Distance from surface of s ta tor teeth to flux re tu rn 

path (Figure 7). 

Number of poles produced by the stator winding in the 

a i r - g a p flux wave. 

The velocity of the t ravel ing field relat ive to the s tator . 

- 2 = ^^^3 

Peak value that mus t exist in the t ravel ing flux wave in 
7 

o rde r to develop the p r e s s u r e P . 

^ 1 = 

r P^ 
1.016 X 10"^(v2 - Vj)d^d2 

^1^4 d3 + dj 

2.22 X 10 
16 

(V2 - Vj)n^dj 
S 1̂ 

1/2 

Number of slots per pole per phase . 

Useful a i r - g a p flux pe r pole in maxwells 

<f)^ = 0 .636Bjd jd2 

Depth of each s tator laminat ion behind the s lots ; also 

width of the si l icon s tee l s t r ips that make up the flux 

r e tu rn path (Figures 5 and 7). F o r a flux density of 
2 

60,000 l i ne s / i n . in the si l icon s teel 

S = 
•^1 

12 X 10 d 1 

0.513 

1,080 i n . / s e c 

36,200 

l ines/ in. ' 

3.6^ X 10^ 

1.78 in. 

Appendix 11 



Symbol Meaning Magrdtude 

n . 

Tooth width (Figure 5). For this pump, with a 3-phase 

winding, two slots per pole per phase , assuming equal 

tooth and slot widths 

d - ^ ^ 6 ' 12 

Slot width (Figure 5). 

Dimensionless quantity entering into the calculat ion 
8 9 

of the Ca r t e r coefficient ' 

c . = 1 - 0.636 a r c t a n | - ^ j + 0.636|—ijlog 1 + 
, ^ 

Initial value of cu r r en t density in the coil conductor. 

Assume J , = 4,000. 

The C a r t e r coefficient, used in calculating the anapere-

tu rns per pole n e c e s s a r y to set up the magnet ic field 

1 -1-

C-, = 

1 -t-
^1^7 

Peak a m p e r e - t u r n s per coil 

" 3 = 

0 . 4 1 7 B , d . c , 1 4 2 
n-

0.750 in. 

0.750 in. 

0.667 

4,000 

amp/in. ' 

1,2 

4,660 amp-

tu rns 

12 Appendix 



Symbol 

^ 1 

^ 3 

^ 4 

^4 

^1 

"5 

^8 

S 

Meaning 

Voltage a c r o s s pump t e r m i n a l s . 

w J- ^- * -u *• f ^ 10,11,12,13 Winding dis t r ibut ion fac tor . 

w J- -4. v. t ^ 10,11,12,13 Winding pitch factor . 

Number of tu rns per coil . For this pump, the windings 

a r e del ta-connected; hence 

E j X 10^ 

- 4 - 2.22fc^jC3C4n^ . 

Coil magnetizing cu r r en t ( rms value) 

I - "^ 1 1.414n^ . 4 

Cros s - s ec t i ona l a r e a of coil conductor, for a cur ren t 

density of 4 ,000amp/ in . 

^1 
""5 4,000 • 

Bare conductor width assuming a square conductor is 

used 

S V ^ 5 • 

Overal l conductor width allowing 0.015 in. total for 

double glass insulat ion with silicone impregnation 

dg = dg-H 0.015 . 

Magnitude 

440 V 

0.966 

1.00 

47 turns 

67 amp 

0.020 in.^ 

0.14 in. (use 

No. 8 AWG 

square wire 

dg = 0.129in 

0,144 in. 

Appendix 13 



Symbol 

^10 

^6 

^7 

^11 

^12 

^13 

Meaning 

Coil width over conductors allowing 0.040 in. th ickness 

for m i c a - m a t g lass tape, plus 1/16 in. on each side 

of coil for a sbes tos board. 

d^O = d ^ - 0.206 . 

Refer to F igure 6. 

Number of conductors in coil width 

^10 
" 6 - dg- • 

Number of conductors in slot depth 

^4 

^ ^6 

Coil depth over conductor 

^11 = ^ 9 • 

Slot depth, allowing 1/4-in, c l ea rance between coil 

and top of slot 

d^3 = d^^ + 0.330 . 

If d ^ i s g rea t e r than 3 i n . , it will be n e c e s s a r y to i nc rease 

the slot width to reduce d, , to 3 in. , to keep the slot 
17 leakage flux f rom becoming excess ive . 

Annulus wall t h i ckness . The magnitude of d. _ was 

fixed by s t ruc tu ra l considera t ions in the design of the 

tank. 

Magnitude 

0.545 in. 

3 

17 

2.45 in. 

2.78 in. 

0.250 in. 

14 Appendix 



Symbol 

^ 1 

^ 2 

W3 

W4 

W3 

h 

Meaning 

Power input to sodium 

/ ^ 2 \ W, = 0.435PQ(1 -I-— . 

Power loss in annulus wall 

2.5x10 ^VVl3^l'(d;^d;)^l' 
" 2 -

^2 i^'^^S^')-i^/i) _ 
Stator and flux r e t u r n path i ron l o s s . This i tem is 

calculated by determining total weight of silicon steel 
18 

laminat ions and multiplying by 3 w/ lb . 

Copper loss in stator winding. Since this item, can

not be accura te ly de termined without knowing the value 

of total coil cu r ren t , and since total coil cu r ren t can

not be determined until all l o s se s a r e known, a s sume 

W4 = W3. 

Total power input 

W3 = W^ + W2+ W3 . 

Energy component of coil cu r r en t ( rms value) 

W_ 
I = ^ 
•̂ 2 3n jE j • 

Magnitude 

9,600 w 

31,400 w 

2,000w 

4,000 w 

45,000 w 

17.1 amp 



Symbol 

^3 

'z 

^1 

Meaning 

Total coil cu r r en t ( rms value) 

h--yh'*h' • 

Final value of cu r r en t density in coil conductor 

^ ^5 

K J , i s g rea t e r than J . , the nciagnitude 

inc reased sxifficiently to reduce J-, to J 

Efficiency of pump 

0.435PQ 
®1 W^ 

Ofdg 

r 
must be 

Magnitude 

69 amp 

3,440 

amp / in . 

2.42% (min) 

Note: This 

calculated 

value is con

servat ive 

when com

pared to 

experinaent. 

(pg 25) 



DERIVATION OF EXPRESSION FOR n , THE PEAK AMPERE-TURNS PER 
COIL ^ 

ATP = a m p e r e - t u r n s pe r pole 

0.313 B ^ d . c , = ATP for one c ross ing of the gap whose length is d . 

0.626 B , d . c , = ATP total 1 4 2 

0.626 Bjd^c^ = 1.5 A T P / p h a s e ^ ^ 

ATP/phase = n^n^ 

0.417 B . d . c , 1 4 2 n., = 
3 n^ 

C. DERIVATION OF THE FACTOR 0.435 IN THE EQUATION FOR EFFICIENCY 
(IV B) 

When the pump is operat ing at a constant flow of Q and a constant differential 

p r e s s u r e a c r o s s the pump of P , the pump is working at a ra te of W„ watts , given 

by the equation 

W„= (Net force in pounds due to differential p r e s s u r e ) t imes 
(velocity of sodium flow in feet per minute) t imes 
(2.26 X 10"^ watts per foot pound per minute). 

Now the net force (lb) i s equal to the differential p r e s s u r e (psi) t imes the 
2 

in te rna l c r o s s - s e c t i o n a rea ( in . ) of the sodium flow pas sage . 

The velocity of sodium flow (ft/min) is equal to the flow (gal/min) t imes 
3 

0.134 (ft /gal) divided by the quantity (internal c r o s s - s e c t i o n a rea in square in. 
2 2 

divided by 144 in. /ft . 
2 

Denote the in ternal c r o s s - s e c t i o n a r e a (in. ) by A; the velocity of the sodium 

flow (ft/min) by v; and the net force (lb) by F . 

Then 

P = P - A 

v = Q i i - ^ = ^ x l 9 . 3 

144 
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W Q = F X V X 2.26 X 10"^ = P - A - ^ - 19.3 X 2.26 X lO"^ 

W = 0.435 P Q w a t t s . 

18 Append ix 
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