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A B S T R A C T  - 

The p o s s i b i l i t y  of  u s i n g  f r e e  j e t s  t o  a g i t a t e  1200 O F  

l i q u i d  sodium i n  a  1500 g a l  t ank  was i n v e s t i g a t e d .  T r a c e r  t e s t s  

were made i n  a  54 g a l  w a t e r  model o f  t h e  j e t  mixing t a n k  u s i n g  

j e t s  0.26 i n .  t o  0 .38  i n .  d i a m e t e r s  and f low r a t e s  from 4 .4  t o  

8 . 8  ga l /min .  The impulse  r e s p o n s e  of t h e  t a n k  was measured a t  

t h e  o u t l e t  and v a r i o u s  i n t e r n a l  p o i n t s .  Accep tab le  a g i t a t i o n  

o v e r  a  wide r ange  of f low r a t e s  was o b t a i n e d .  

i i i  
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M I X I N G  M O C K - U P  S T U D Y  O F  

THE S O D I U M  C H E M I C A L  T E C H N O L O G Y  F A C I L I T Y  S O D I U M  R E S E R V O I R  

D. H .  L e s t e r  and W .  F .  S m i t h  

I N T R O D U C T I O N  

The program at Battelle-Northwest for chemical studies in 

large sodium systems has as its major objectives the development 

and testing of procedures and equipment for the measurement and 

control of sodium purity, and the characterization of the inter- 

relationships of impurities in engineering scale systems. This 

program will utilize the Sodium Chemical Technology Facility 

(SCTF). The SCTF will consist of a reservoir containing about 

1500 gal of sodium, a 2-in. diam circulation loop with 200 gpm 

capacity, and associated purification and analytical sub- 

systems. Experimental work in sodium purification, sodium 

sampling, in-line analysis of impurities, cover gas purity con- 

trol and analysis, and characterization of impurities in the 

system will be carried out in the SCTF. 

The 1500-gal SCTF reservoir will have a number of functions 

Primarily, it will provide a large volume with large inertia 

in order to provide a stable platform for chemical studies 

and simulate the effect of volume on large system dynamics. In 

keeping with its purpose, the reservoir must be well mixed. 

Any noise signal, i.e., concentration disturbance, entering the 

reservoir should be diluted into the total volume within a 

small fraction of the reservoir turnover time. Immediate 

dilution of a noise signal will minimize its effects on 

experiments. A well mixed environment in the reservoir will 

also provide a uniform temperature in the reservoir. It may 

be advantageous, at a later date, to insert auxiliary loops 

into the system by lowering dip tubes into the reservoir 



t h rough  n o z z l e s  p r o v i d e d  i n  t h e  cove r  g a s  head .  The s u c c e s s  of 

such  an a c t i v i t y  would r e q u i r e  t h e  r e s e r v o i r  t o  be homogeneous 

a s  much o f  t h e  t ime a s  p o s s i b l e .  

S t u d i e s  of g a s - l i q u i d  e q u i l i b r i a  r e q u i r e  good t r a n s p o r t  

c h a r a c t e r i s t i c s  between t h e  g a s  and t h e  l i q u i d .  T h e r e f o r e ,  

r a p i d  t u r n o v e r  of  t h e  s u r f a c e ,  i . e . ,  con t inuous  f o r m a t i o n  of a  

new i n t e r f a c e ,  i s  a  n e c e s s a r y  r e s e r v o i r  mixing c r i t e r i o n .  Rapid 

s u r f a c e  t u r n o v e r  may a l l e v i a t e  scum f o r m a t i o n ,  a  common problem 

w i t h  l i q u i d  m e t a l  s u r f a c e s ,  and a l s o  a i d  r a p i d  d i l u t i o n  of g a s  

phase  d i s t u r b a n c e s  a s  p a r t  of t h e  l a r g e  i n e r t i a  c r i t e r i o n .  

N e v e r t h e l e s s ,  r a p i d  s u r f a c e  t u r n o v e r  s h o u l d  n o t  be accompanied 

by l a r g e  amounts of  g a s  e n t r a i n m e n t  such a s  would be ev idenced  

by c o n t i n u o u s  foaming and bubble  f o r m a t i o n  a t  t h e  s u r f a c e .  

E x t e n s i v e  g a s  e n t r a i n m e n t  would r e s u l t  i n  f r e q u e n t  loop  s h u t -  

downs induced by g a s  b u i l d u p  i n  o t h e r  p a r t s  of t h e  s y s t e m ,  and 

c o u l d  r e s u l t  i n  more s e r i o u s  e f f e c t s  such  a s  h o t  s p o t s  o r  c o l d  

s p o t s  i n  t h e  loop  and pump s t a r v i n g  ( l e a d i n g  t o  pump d u c t  

b u r n o u t ) .  Al though t h e  cove r  g a s  r e g i o n  of t h e  r e s e r v o i r  i s  

t o  be t h e  h i g h  p o i n t  i n  t h e  sys t em,  l a r g e  amounts of g a s  

e n t r a i n m e n t  c o u l d  r e s u l t  i n  t h e  en t r apment  of g a s  i n  v a l v e  

s tems and o t h e r  s i m i l a r  l o c a t i o n s .  T h e r e f o r e ,  s u r f a c e  r enewa l  

must be  r a p i d  b u t  w i t h o u t  bubb le  f o r m a t i o n  and foaming.  T h i s  

r e q u i r e m e n t  would f o r b i d  t h e  p r e s e n c e  of v o r t i c e s  on t h e  

s u r f  a c e .  

The f o r e g o i n g  r e q u i r e m e n t s  canno t  be s a t i s f i e d  by t h e  u s e  

of  i m p e l l e r s .  Although an  i m p e l l e r - b a f f l e  sys t em c o u l d  produce  

t h e  d e s i r e d  t u r b u l e n c e  p a t t e r n ,  r o t a t i n g  s e a l s  and /o r  b e a r i n g s  

under  sodium would add s i g n i f i c a n t  d e s i g n  complex i ty  and 

p o s s i b l e  e x p e r i m e n t a l  d i f f i c u l t i e s  t o  t h e  SCTF o p e r a t i o n .  Many 

ma in tenance  problems c r e a t e d  by r o t a t i n g  machinery  would 

s e r i o u s l y  l i m i t  a c c e s s  t o  t h e  t a n k  and p r o b a b l y  i m p a i r  u s e  of 



the side loops discussed previously. The added complication 

of providing in-tank baffles also creates construction problems 

that would best be avoided. 

This study was undertaken to investigate the use of nozzles 

to stir the tank by means of circulation momentum of the driver 

loop. Since sodium is to be pumped in and out of the tank 

continuously, the proper nozzle arrangement on the inlet and 

outlet lines should produce the desired mixing characteristics. 

The system would then provide the obvious engineering advantages 

of no moving parts. 

The state-of-the-art in agitation does not provide design 

equations for nozzle mixing of tanks, nor can any reasonable 

approximate theories be applied. In order to answer the 

questions posed by the nozzle mixing problem, design of a model 

system reasonably considered a scaled-down SCTF reservoir and 

study of its behavior under conditions corresponding to the 

operating environment of the SCTF was necessary. Water 

mockups used as scaled down versions of sodium systems has been 

established as quite a reliable method. (1 

In this study, a water loop was constructed with a large, 

transparent, acrylic plastic tank. Tracer was injected and 

observed both visually and with conductivity cells. 

The tests were conducted to ascertain whether the design 

criteria could be met by such a system without using a prohibi- 

tive pressure drop across the reservoir. At the same time, the 

results were to provide design dimensions for the arrangement. 

S U M M A R Y  A N D  C O N C L U S I O N S  

The test results showed that nozzles can be used to meet 

the needs of mixing the sodium reservoir in the Sodium Chemical 

Technology Facility (SCTF). A system producing a rapid dilution 
and mixing rate was designed. Time to steady-state after a 

disturbance was less than one-tenth of the tank turnover time. 



The t a n k  f o l l o w e d  t h e  same d i l u t i o n  p a t t e r n  a s  would an i d e a l  

mixer  w i t h i n  t h e  e x p e r i m e n t a l  e r r o r ,  i . e . ,  t h e  measured t ime  

c o n s t a n t  was w i t h i n  2 0 %  of an i d e a l  mixer  t ime  c o n s t a n t .  Good 

s u r f a c e  renewal  was ev idenced  by r a p i d  d i l u t i o n  of t r a c e r  

f l o a t e d  on t h e  t a n k  s u r f a c e  and by v i s u a l  e v a l u a t i o n  of s u r f a c e  

c i r c u l a t i o n  p a t t e r n s .  The absence  of a p p r e c i a b l e  f r o t h i n g ,  

b u b b l i n g ,  o r  l a r g e - s c a l e  s u r f a c e  d i s t o r t i o n  l e d  t o  t h e  con-  

c l u s i o n  t h a t  no gas  e n t r a i n m e n t  problems would be e n c o u n t e r e d .  

The p r e s s u r e  d r o p  a c r o s s  t h e  t a n k ,  of t h e  o r d e r  of one o r  

2 l b / i n . 2  was e q u a l  t o  e n t r a n c e  and e x i t  l o s s e s  and p r e s e n t e d  

no p r o h i b i t i v e  pumping problems.  

The sys t em i n c o r p o r a t e d  two n o z z l e s  and a  d e f l e c t o r  p l a t e .  

The n o z z l e s  were  c e n t e r e d  i n  t h e  t a n k  a p p r o x i m a t e l y  h a l f  way 

between t h e  l i q u i d  l e v e l  and t a n k  bot tom. One n o z z l e  impinged 

on t h e  t a n k  bot tom and t h e  o t h e r  impinged on t h e  d e f l e c t o r  

p l a t e  s e t  a  few i n c h e s  below t h e  l i q u i d  s u r f a c e .  The d e f l e c t o r  

p l a t e  a l lowed  r a p i d  s u r f a c e  t u r n o v e r  w i t h o u t  t h e  upward n o z z l e  

s t r e a m  b r e a k i n g  t h r o u g h  t h e  s u r f a c e .  The a r rangement  produced 

a  h i g h  d e g r e e  of l a r g e  s c a l e  t u r b u l e n c e  i n  t h e  t a n k .  

A 0 . 3 5 - i n .  n o z z l e  s i z e  i n  t h e  2 - f t  d i a m e t e r  mockup t a n k  

was s c a l e d  t o  a  1 . 0 5 - i n .  n o z z l e  i n  t h e  SCTF w i t h  a  t a n k  d i a m e t e r  

of 6  f t .  The 2 - i n .  d i a m e t e r  d e f l e c t o r  p l a t e  i n  t h e  mockup was 

s c a l e d  t o  a  6 - i n .  d i a m e t e r  p l a t e  i n  t h e  SCTF. A t  200 g a l / m i n ,  

t h e  SCTF n o z z l e  v e l o c i t y  would be 37 f t / s e c .  The sys tem s h o u l d  

work w e l l  between 100 and 300-ga l /min  f l o w  r a t e s ,  and o v e r  a  

b r o a d e r  r a n g e  by changing  t h e  n o z z l e  s i z e  a n d / o r  d e f l e c t o r  

p o s i t i o n .  

The sys tem s h o u l d  n o t  p r e s e n t  any o t h e r  o p e r a t i o n a l  

problems.  T e s t s  i n t e n d e d  t o  check f o r  c a v i t a t i o n  showed no 

j e t  c a v i t a t i o n  under  any c o n d i t i o n s  t r i e d .  The sys tem was 

c h a r a c t e r i z e d  by g e n e r a l l y  l a r g e  t o l e r a n c e s ,  i . e . ,  t h e  sys tem 



was n o t  f i n e  tuned  b u t  r a t h e r  worked w e l l  even  when many con-  

d i t i o n s  and d imens ions  v a r i e d  s i g n i f i c a n t l y  from t h e  recommended 

d e s i g n  v a l u e s .  

The n o z z l e  d e f l e c t o r  a r r angement ,  s o  d e s i g n e d  t h a t  t h e  

e n t i r e  assembly c o u l d  be  withdrawn th rough  a  6 - i n .  p o r t  i n  t h e  

SCTF r e s e r v o i r ,  s e r v e d  t o  f a c i l i t a t e  changes i n  j e t  s i z e  and 

d e f l e c t o r  p l a t e  p o s i t i o n .  

D I S C U S S I O N  

T H E O R Y  

S c a l i n g  C r i t e r i a  

Some y e a r s  ago ,  a  v e r y  s i m i l a r  s t u d y  was u n d e r t a k e n  by 

F o s s e t t  ( 2 y 3 )  and P r o s s e r .  ( 2 )  They were concerned  w i t h  mixing 

l a r g e ,  underground p e t r o l e u m  t a n k s  u s i n g  n o z z l e s .  The r e s u l t s  

of  model s t u d i e s  conducted  i n  a  s m a l l  w a t e r  t a n k  were s c a l e d  

up t o  t h e  l a r g e  t a n k s .  The s c a l e - u p  was v e r y  s u c c e s s f u l  and 

e x c e l l e n t  per formance  was o b t a i n e d .  The same b a s i s  of s c a l e -  

up u s e d  by F o s s e t t  and P r o s s e r ,  e x c e p t  f o r  n e g l e c t i n g  t h e  

Froude number, was employed i n  t h e  sodium mixing t a n k  s t u d i e s .  

Mixing t i m e s  p r e d i c t e d  by t h e  e m p i r i c a l  r e s u l t s  of F o s s e t t  

and P r o s s e r  d i s p l a y  s t r i k i n g  agreement  w i t h  t h e  t imes  measured 

i n  t h e  SCTF mockup work. 

According t o  F o s s e t t  and P r o s s e r ,  f o r  s c a l e - u p  t o  be  v a l i d ,  

c a r e  must be t a k e n  t o  p r e s e r v e  t h e  r e l a t i o n s h i p  of a l l  f o r c e s  

a c t i n g  on t h e  f l u i d .  The f o r c e s  t o  be c o n s i d e r e d  i n  t h e  mixing 

t a n k s  a r e  i n e r t i a ,  v i s c o s i t y ,  and g r a v i t y .  I f  d e n s i t y  of t h e  

f l u i d  j e t t e d  i n t o  t h e  t a n k  i s  s i g n i f i c a n t l y  d i f f e r e n t  f rom t h e  

f l u i d  i n  t h e  t a n k ,  t h e n  g r a v i t a t i o n a l  e f f e c t s  must be c o n s i d e r e d .  

I n  t h e  c a s e  of t h e  SCTF sodium s y s t e m ,  g r a v i t a t i o n a l  e f f e c t s  

can  be n e g l e c t e d .  



Two similar paths in the model and full-sized prototype 

will be related by the linear scale ratio, S. Then the time 

for completion of any dynamic event in the model and full-sized 

system will be related by: 

where t = time, and V = mean velocity. If F = flow rate 

(volumetric) through a nozzle, U  = the nozzle velocity, and 

A = cross section of the induced stream, then by conservation 

of momentum 

F U = A V  2 

and 
7 

Then 

and, substituting Equation (1) 

Equation (4) is then the relation between time for completion 

of a given event in the small system and in the large system. 

Valid scale-up also requires preservation of geometric 

similarity, i.e., the relationship of all dimensions to one 

another must be the same. Therefore, the length-to-diameter 

ratio ( L / D )  must be the same for both the model and the full- 

sized system. 



A good understanding of the behavior of the large system 

can be obtained if the times of both the model and full-scale 

reservoir are equivalent. Equivalent time is obtained if 

Equation (4) is applied with the time ratio equal to one, so 

that 

If the scale-up is to apply over a wide range of flow rates, 

then it should be made independent of flow rate by requiring 

identical turnover times at a given flow rate in both the 

large and small systems. If Q = volume of the reservoir and 

F is the flow rate then 

and 

which defines the universal turnover time, T. 

The nozzles are cylindrical and there are the same 

number of nozzles in both systems therefore 

where d = nozzle diameter. Therefore, from Equation (S), 

ratio identical with the volume ratio. 



Therefore, if geometric similarity is preserved and 

Equations (8) and (6) are satisfied, then the behavior of the 

small system in terms of velocities, mixing times, and flow 

patterns will be identical. 

Fossett ( 2 9 3 )  and Prosser found that the jet Reynolds 

number was not important in scaling nozzle entrainment (jet) 

mixers of this type in the range of parameters studied. The 

results of the SCTF mock-up work support this finding. 

Ideal Mixers 

Some of the experimental results from this work were used 

to compare the bahavior of the final configuration choice with 

the behavior of an "ideal" mixer. An ideal mixer is an open 

loop, continuous stirred system which responds to an impulse 

concentration, Co, by the relation 

where C(t) is the concentration at any time, t. This system 

is called ideal because the response implies use of the entire 

mixer volume at all times, i.e., the mixer is homogeneous at 

all times. The effluent concentration in an ideal mixer is 

identical to the concentration at any point in the mixer at 

all times. 

An examination of the requirements of the SCTF mixing 

reservoir (see INTRODUCTION) reveals that an ideal mixer would 

meet most of the requirements. To test for requirements such 

as surface action (no gas entrainment, etc.) and pumping power 

requires evaluation of other criteria in addition to ideal 

mixing. The requirements could be summarized as an ideal mixer 

with good surface action and low pumping power consumption. 







t e s t s ,  t h e  p i p i n g  was d i s c o n n e c t e d  a t  t h e  j u n c t i o n  of t h e  

r e t u r n  l i n e  and f low mete r  i n l e t  and a  f r e s h  t a p  w a t e r  l i n e  

was connec ted  t o  t h e  f low m e t e r .  The t a n k  was f i l l e d  t o  v a r i o u s  

l e v e l s  t o  o b s e r v e  v a r i o u s  L / D  r a t i o s .  

T r a c e r  I n j e c t i o n  Techniques  

Two methods of t r a c e r  i n j e c t i o n  were used  t o  p r e d i c t  t h e  

r e s u l t s  of t h e  i n t r o d u c t i o n  of i m p u r i t i e s  i n  t h e  mixing t a n k  

o r  p i p i n g  sys tem of t h e  SCTF. 

System Bypass I n j e c t i o n  

The mixing t a n k  was f i l l e d  t o  a  pre-measured  l e v e l  w i t h  

s o l e n o i d  No. 1 e n e r g i z e d  (open) .  The pump was s t a r t e d  and t h e  

f low r a t e  a d j u s t e d .  When t h e  sys tem had s t a b i l i z e d  ( a l l  a i r  

removed),  a  s w i t c h  was c l o s e d  t o  open s o l e n o i d  v a l v e s  2 and 3 

and t o  c l o s e  s o l e n o i d  v a l v e  No. 1, t h u s  i n j e c t i n g  dye t r a c e r  

from t h e  i n j e c t i o n  t a n k  i n t o  t h e  sys tem.  

In-Tank I n j e c t i o n  

Dye t r a c e r  was i n t r o d u c e d  i n t o  t h e  t a n k  d i r e c t l y  w i t h  a  

wand a t  v a r i o u s  l o c a t i o n s .  A p r e s s u r e  t a n k ,  c o n t r o l l e d  by a  

s o l e n o i d  and p u l s e d  w i t h  an a d j u s t a b l e  t i m e r ,  was used  t o  

s u p p l y  dye t o  t h e  wand. 

T e s t  Program 

Two methods were used  i n  o b s e r v i n g  t h e  mixing c a p a b i l i t i e s  

of t h e  t a n k .  The f i r s t  was by v i s u a l l y  o b s e r v i n g  t h e  t ime of  

i n j e c t i o n ,  t h e  t ime  t o  s t e a d y - s t a t e ,  e x t e n t  of  s u r f a c e  t u r n o v e r  

and g a s  e n t r a i n m e n t ,  and p a t h s  of dye t r a c e r  f i l a m e n t s  w i t h i n  

t h e  t a n k .  High speed  movies were made a t  s e v e r a l  a n g l e s  t o  

r e c o r d  t h e  mixing a c t i o n .  

The second method employed c o n d u c t i v i t y  c e l l s  l o c a t e d  i n  

t h e  s u c t i o n  l i n e  and a t  a s  many a s  f o u r  i n - t a n k  p o s i t i o n s .  The 

i n - t a n k  c e l l s  c o u l d  be l o c a t e d  a t  any d e p t h  and a t  any c r o s s -  

s e c t i o n  l o c a t i o n .  An o s c i l l o g r a p h  was u s e d  t o  r e c o r d  t h e  



imbalance of t h e  c o n d u c t i v i t y  c e l l  b r i d g e .  The dye t r a c e r  used  

i n  t h e  v i s u a l  s t u d i e s  c o n t a i n e d  s u f f i c i e n t  amounts of sodium 

c h l o r i d e  t o  a c t i v a t e  t h e  i n s t r u m e n t s  s o  t h a t  c o n d u c t i v i t y  

measurements were s u p p o r t e d  by s i m u l t a n e o u s  v i s u a l  o b s e r v a t i o n  

of t h e  mixing .  

The p o s s i b i l i t y  of  n o z z l e  c a v i t a t i o n  was t e s t e d  by s e v e r a l  

r u n s  made w i t h  t h e  w a t e r  a t  100 O F  t o  e n a b l e  t h e  w a t e r  vapor  

p r e s s u r e  t o  e q u a l  t h a t  of 1200 OF sodium. 

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

S e v e r a l  d i f f e r e n t  mixing c o n f i g u r a t i o n s  were t e s t e d  i n  t h e  

c l o s e d  l o o p  w i t h  v i s u a l  dye e v a l u a t i o n .  Systems w i t h  j e t s  

p o i n t e d  on t a n g e n t s  were t r i e d  bo th  w i t h  and w i t h o u t  b a f f l e s ,  

and w i t h  from 2 t o  6 j e t s  i n  s i z e s  v a r y i n g  from 0 .25  t o  0.10 i n .  

d i a m e t e r .  A l s o ,  combina t ions  of j e t s  p o i n t e d  v e r t i c a l l y  and 

t a n g e n t i a l l y ,  u s i n g  combina t ions  of v a r y i n g  numbers o f  j e t s  

and j e t  s i z e s  w i t h  c o n v e n t i o n a l  mixing t a n k  b a f f l e s  and w i t h o u t  

b a f f l e s ,  were t r i e d .  I t  was found t h a t  t h e  " s t i r r e d "  o r  

" r o t a t i n g "  sys t ems  r e s u l t i n g  from t a n g e n t i a l  j e t  p l acemen t  had 

a  number of  dead s p o t s  and produced poor  s u r f a c e  a c t i o n .  The 

s m a l l e r  j e t  s i z e s ,  n e c e s s a r y  t o  o b t a i n  good mixing  i n  t h e  r o t a t -  

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

s c r e e n i n g  t e s t s  l e d  t o  p r o g r e s s i v e l y  l e s s  complex sys t ems  and 

e v e n t u a l l y  t o  t h e  d i s c o v e r y  t h a t  a  s i m p l e ,  t w o - n o z z l e ,  d e f l e c t o r  

p l a t e  a r rangement  would s a t i s f y  a l l  t h e  r e q u i r e m e n t s  and p e r m i t  

a  compact and s i m p l e  d e s i g n .  The a c c e p t e d  sys tem i s  p i c t u r e d  

i n  F i g u r e  1 and s k e t c h e d  i n  F i g u r e  2 .  

V i s u a l  S t u d i e s  

The v i s u a l  s t u d i e s  r e v e a l e d  a  number of key a t t r i b u t e s  o f  

t h e  t w o - n o z z l e ,  d e f l e c t o r  p l a t e  a r r angement .  The t a n k  was 

f o u n d ,  ove r  a  wide r ange  of f l o w  r a t e s ,  t o  be v i s i b l y  homogeneous 



i n  l e s s  t h a n  one minute  w h i l e  t h e  t u r n o v e r  t i m e ,  T, was s e v e r a l  

m i n u t e s .  A t y p i c a l  r u n  i s  s e e n  i n  t h e  p i c t u r e  sequence  i n  

F i g u r e  3 .  T h i s  r u n  r e p r e s e n t s  a model of  t h e  SCTF 1500-ga l  

t a n k  w i t h  a  200-gal /min  f l o w  r a t e  and ,  t h e r e f o r e ,  w i t h  a  

7 .5-min t u r n o v e r  t i m e .  The b r i e f  mixing t i m e ,  compared t o  a  

t u r n o v e r  t i m e ,  can  be n o t e d .  The s u r f a c e  a c t i o n  d i s p l a y e d  by 

t h i s  sys tem g i v e s  good s u r f a c e  t u r n o v e r  r a t e s  w i t h  no v i s i b l e  

g a s  e n t r a i n m e n t .  

I t  was conc luded ,  from e x h a u s t i v e  p r o b i n g  w i t h  t h e  

i n j e c t i o n  wand, t h a t  no c h a n n e l i n g  from t h e  i n p u t  t o  t h e  o u t p u t  

of t h e  r e s e r v o i r  e x i s t s .  Dye i n j e c t e d  an  i n c h  from t h e  s u c t i o n  

p o r t s  w i l l  t r a v e l  t h r o u g h o u t  t h e  t ank  b e f o r e  coming back t o  t h e  

p o r t s .  

The s i g n i f i c a n c e  of t a n k  l e n g t h  t o  d i a m e t e r  r a t i o  was 

e v a l u a t e d  by f i l l i n g  t h e  t a n k  t o  70, 54 ,  and 40 g a l ,  and 

a d j u s t i n g  f l o w  r a t e  t o  m a i n t a i n  t u r n o v e r  t ime  t o  g i v e  r a t i o s  

of  1 . 0 ,  1 . 2 5 ,  and 1 . 8  r e s p e c t i v e l y .  There  was no o b s e r v a b l e  

d i f f e r e n c e .  Mechanical  d e s i g n  c o n s i d e r a t i o n s  and space  

a l l o c a t i o n  f o r  SCTF l e d  t o  a  d e s i g n  L / D  of  1 . 2 5 .  

Many g e o m e t r i c  p a r a m e t e r s  were a d j u s t e d  o v e r  a  wide r ange  

t o  t e s t  t h e  d e s i g n  l a t i t u d e  s i n c e  a  " f i n e - t u n e d "  sys tem would 

be u n d e s i r a b l e .  The c e n t e r i n g  of t h e  n o z z l e s  and t h e  d e f l e c t o r  

p l a t e ,  t h e  a n g l e  of  t h e  n o z z l e s  from t h e  v e r t i c a l ,  t h e  d e f l e c t o r  

p l a t e  o r i e n t a t i o n  and s i z e ,  t h e  n o z z l e  p o s i t i o n  and t h e  n o z z l e  

s i z e  were a l l  f i x e d  a t  o u t - o f - d e s i g n  v a l u e s  i n  many combina- 

t i o n s .  The t o l e r a n c e s  s p e c i f i e d  i n  t h e  d e s i g n  recommendations 

(Table  1 )  a r e  w e l l  w i t h i n  t h e  observed  p e r m i s s i b l e  l a t i t u d e  of 

t h e  sys t em.  I t  was found t h a t  most v a l u e s  cou ld  be f a r  o f f  

s t a n d a r d  w i t h o u t  damaging per formance  s i g n i f i c a n t l y .  

S h o r t  Time S t u d i e s  

Numerous r u n s  were made w i t h  t h e  c l o s e d  loop  c o n f i g u r a t i o n  

u s i n g  t h e  c o n d u c t i v i t y  c e l l s .  The p u r p o s e  of t h e s e  t e s t s  was 









t o  o b s e r v e  i n  d e t a i l  t h e  s h o r t  t ime  ( l e s s  t h a n  one minute)  

e f f e c t s  of t h e  sys tem.  C e l l  d e p t h  was measured from t h e  

l i q u i d  l e v e l  t o  t h e  t o p  ( v e n t  h o l e s )  of t h e  d i p  c e l l .  C e l l  

l o c a t i o n  on t h e  c r o s s  s e c t i o n  was s p e c i f i e d  by a  l e t t e r -  

number c o o r d i n a t e  sys t em shown i n  F i g u r e  4 a s ,  f o r  example,  

t h e  c e n t e r  of  t h e  n o z z l e  c l u s t e r  by F6 a t  18 i n c h e s .  

F  ' -  

S U C T I O N  M A N I F O L D  
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P L A N  V I E W  O F  R E S E R V O I R  

S C A L E :  1  cm = 2 "  

FIGURE 4 .  Mixing Tank Coordinate System of 
SCTF Mixing Mock-Up 



Comparison o f  I n j e c t i o n  Sources  

T e s t s  were  r u n  t o  compare t h e  r e s p o n s e  of t h e  t a n k  t o  

l o o p - o r i g i n a t e d  d i s t u r b a n c e s  w i t h  t h e  r e s p o n s e  t o  t a n k -  

o r i g i n a t e d  d i s t u r b a n c e s .  F i g u r e s  5 and 6 show a  t y p i c a l  com- 

p a r i s o n  of t h e  two r e s p o n s e s .  Data f o r  t h r e e  t a n k  l e v e l s  and 

t h e  s u c t i o n  l i n e  a r e  shown. Note t h a t  t ime  ze ro  f o r  t h e  sys tem 

bypass  i n j e c t i o n  c a s e  i s  t a k e n  a s  t h e  t ime  t h e  p u l s e  b e g i n s  

t o  e n t e r  t h e  t a n k  th rough  t h e  n o z z l e s .  Both t h e  t ime  of f i r s t  

r e sponse  and t h e  o r d e r  of r e s p o n s e  a r e  a lmos t  i d e n t i c a l  i n  b o t h  

c a s e s .  The peaks  f o r  t h e  l o o p  i n j e c t i o n  (sys tem bypass )  c a s e  

a r e  w i d e r  and decay  more s l o w l y  because  of  t h e  wideness  of t h e  

i n p u t  peak .  Whereas t h e  t a n k  i n j e c t i o n  i s  a l l  i n  t h e  t a n k  i n  

l e s s  t h a n  one s e c o n d ,  t h e  l o o p - o r i g i n a t e d  peak t a k e s  up t o  

10 s e c  t o  g e t  i n t o  t h e  t a n k  c o m p l e t e l y .  The t ime  t o  s t e a d y -  

s t a t e  i s  of t h e  o r d e r  of 30 s e c  i n  b o t h  c a s e s .  

U n i f o r m i t y  on t h e  Tank Cross  S e c t i o n  

F i g u r e s  7 and 8 show t h e  sys tem bypass  i n j e c t i o n  r e s p o n s e  

of t h r e e  c r o s s  s e c t i o n  p o s i t i o n s  a t  two d i f f e r e n t  l e v e l s .  

Widely s p r e a d  l o c a t i o n s  a t  a g i v e n  l e v e l  r e spond  a lmos t  

i d e n t i c a l l y .  The d a t a  shown a r e  t y p i c a l  of  many o t h e r  t e s t s  s o  

t h a t ,  a t  7 . 7  gpm ( c o r r e s p o n d i n g  t o  2 0 0  gpm i n  t h e  SCTF), t h e  

t a n k  can  be concluded t o  be un i fo rm on i t s  c r o s s  s e c t i o n  i n  

l e s s  t h a n  1 0  s e c  a f t e r  t h e  p u l s e  i s  s t a r t e d .  Again ,  s t e a d y -  

s t a t e  i s  r eached  a f t e r  abou t  30 s e c .  

E f f e c t  of Flow Rate 

A comparison o f  F i g u r e s  9 and 10 w i t h  F i g u r e s  5 th rough  

8 shows some of t h e  e f f e c t s  of d e c r e a s i n g  t h e  f l o w  r a t e .  Note 

t h a t ,  a t  4 . 8  g a l / m i n  t h e r e  was l e s s  u n i f o r m i t y  on t h e  c r o s s  

s e c t i o n  b u t  t h a t  s t e a d y - s t a t e  was s t i l l  e v i d e n t  i n  30 o r  

40 s e c .  T h e r e f o r e ,  u n l e s s  n o n u n i f o r m i t y  of a  c r o s s  s e c t i o n  
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i n  t h e  f i r s t  30  s e c  i s  i m p o r t a n t  t o  a  g i v e n  t e s t  i n  t h e  SCTF, 

133  ga l /min  ( c o r r e s p o n d i n g  t o  4 .8  g a l / m i n  i n  t h e  mock-up) 

w i l l  be a c c e p t a b l e  s i n c e  s t e a d y - s t a t e  i s  a t t a i n e d  i n  a  s h o r t  

t ime  . 
Data f o r  t h e  2 . 7  g a l / m i n  f low r a t e  d i s p l a y e d  some poor  

mixing b e h a v i o r .  Time t o  s t e a d y - s t a t e  was 7 0  o r  80 s e c .  

Symptoms of l a r g e  unmixed f i l a m e n t s  c i r c u l a t i n g  i n  t h e  t a n k  

were e v i d e n t .  Although t h e  i n j e c t i o n  was made a t  t h e  c e n t e r  

s u r f a c e  of  t h e  t a n k ,  t h e  6 - i n .  d e p t h  was t h e  l a s t  t o  r e s p o n d .  

The peaks  were wide and t h e  r e s p o n s e  was g e n e r a l l y  l a z y .  

V i s u a l l y ,  l a r g e  f i l a m e n t s  of t r a c e r  were s e e n  t o  r a d i a t e  from 

t h e  c e n t e r  s u r f a c e  and r o l l  down t h e  t a n k  w a l l s  t o  t h e  t a n k  

bot tom ( 3 4 - i n .  d e p t h )  and t h e n  f l o a t  upward th rough  t h e  c e n t e r .  

T h i s  p a t t e r n  can  be s e e n  i n  t h e  q u a n t i t a t i v e  d a t a  a s  w e l l .  

Another  i m p o r t a n t  phenomenon i s  e v i d e n t  i n  t h e  2 . 7  ga l /min  

d a t a .  The SCTF r e s e r v o i r  w i l l  have syphon b r e a k  h o l e s  i n  t h e  

i n l e t  and o u t l e t  p i p e s  j u s t  below l i q u i d  l e v e l .  The mock-up 

c o n t a i n e d  c o r r e s p o n d i n g  syphon h o l e s .  The e a r l y  s u c t i o n  l i n e  

p e a k ,  a t  a b o u t  11 s e c ,  i s  due t o  c h a n n e l i n g  of t h e  p u l s e ,  

i n j e c t e d  on t h e  t a n k  s u r f a c e  d i r e c t l y  t o  t h e  s u c t i o n  l i n e  

syphon h o l e  which i s  n e a r  t h e  s u r f a c e .  T h i s  o b s e r v a t i o n  was 

made r e p e a t e d l y  a t  low f l o w  r a t e s  b u t  n o t  a t  h i g h  f low r a t e s .  

The peak was e l i m i n a t e d  by c o v e r i n g  t h e  h o l e s .  T h i s  doub le  

peak i s  a n o t h e r  m a n i f e s t a t i o n  of nonhomogeneous t a n k  b e h a v i o r .  

The s h o r t  t ime  d a t a  d i s c u s s e d  i n  t h e  f o r e g o i n g  i n d i c a t e s  

t h a t  a  low l i m i t  s h o u l d  be s e t  on t h e  f l o w  r a t e  a t  abou t  

100 g a l / m i n  i n  t h e  SCTF. 

Open Loop, Long Time S t u d i e s  

A s  d i s c u s s e d  i n  t h e  t h e o r y  s e c t i o n ,  comparison of t h e  

d i l u t i o n  r e s p o n s e  of t h e  t a n k  t o  t h e  d i l u t i o n  r e s p o n s e  of 

an  i d e a l  mixer  p r o v i d e s  an i n d i c a t i o n  of t h e  long  t ime  

homogeneity of t h e  mixing t a n k .  



The f o l l o w i n g  d a t a  were g e n e r a t e d  w i t h  an open l o o p  con-  

f i g u r a t i o n ,  i . e . ,  t h e  n o z z l e s  were f e d  f r e s h  t a p  w a t e r  and t h e  

s u c t i o n  l i n e  was f e d  t o  t h e  d r a i n .  A f t e r  a  t r a c e r  i m p u l s e ,  

t h e  t a n k  g r a d u a l l y  r e t u r n e d  t o  t h e  t a p  w a t e r  c o n c e n t r a t i o n .  

The d i l u t i o n  b e h a v i o r  was compared t o  Equa t ion  (9)  by p l o t t i n g  

t h e  l o g  of  t h e  p robe  r e s p o n s e  a g a i n s t  t i m e .  

The s h o r t  t ime  r e s p o n s e  of t h e  open loop  sys t em d i d  n o t  

d i f f e r  s i g n i f i c a n t l y  from t h e  c l o s e d  l o o p  r e s p o n s e s  i n  t e rms  

of r i s e  t i m e s  and r e s p o n s e  t i m e s .  

I t  was obse rved  t h a t ,  by 50 s e c ,  a l l  r u n s  had e n t e r e d  a  

d i l u t i o n  c y c l e .  T h e r e f o r e ,  t h e  peak h e i g h t  a t  50 s e c  was 

t a k e n  a s  t h e  i n i t i a l  c o n c e n t r a t i o n ,  and a l l  r e a d i n g s  s t a n d a r d -  

i z e d  t o  i t  and e x p r e s s e d  a s  f r a c t i o n s  of t h e  " i n i t i a l  

c o n c e n t r a t i o n .  I t  

Design System Behavior  

A f l o w  r a t e  of 7 . 7  g a l / m i n  ( c o r r e s p o n d i n g  t o  a b o u t  200 g a l /  

min i n  t h e  SCTF) w i t h  a  n o z z l e  d i a m e t e r  of  0.35 i n .  was con-  

s i d e r e d  a s  t h e  "des ign  sys t em,"  and a  number of  r u n s  were 

made t o  d e t e r m i n e  t h e  d i l u t i o n  b e h a v i o r .  

F i g u r e  11 shows a  s e m i - l o g  p l o t  of  t h e  r e s p o n s e  of t h e  

d e s i g n  sys t em.  Two d i f f e r e n t  d e f l e c t o r  d e p t h s  a r e  shown f o r  

b o t h  i n - t a n k  and sys tem bypass  i n j e c t i o n s .  A number o f  

o b s e r v a t i o n s  e v i d e n t  from t h e  d a t a  were t h a t :  

The re  i s  no c o n s i s t e n t  d i f f e r e n c e  between t h e  i n - t a n k  

and sys tem bypass  i n j e c t i o n  c a s e s .  

There  i s  no c o n s i s t e n t  d i f f e r e n c e  between t h e  2 - i n .  and 

4 - i n .  d e f l e c t o r  d e p t h .  

An i d e a l  mixer  d i l u t i o n  l i n e  r e p r e s e n t s  t h e  d a t a  w i t h i n  

t h e  e x p e r i m e n t a l  e r r o r .  

The s c a t t e r  o f  d a t a  from r u n  t o  r u n  i s  c o n s i d e r a b l e  b u t  

t h e  s c a t t e r  of  d a t a  w i t h i n  a  g i v e n  r u n  i s  s m a l l .  
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The l a s t  o b s e r v a t i o n  i s  n o t  s u r p r i s i n g  s i n c e  n e i t h e r  t h e  

i n s t r u m e n t a t i o n  o r  t h e  e x p e r i m e n t a l  t e c h n i q u e  was v e r y  a c c u r a t e .  

The main o b j e c t i v e  of  t h e  s t u d y  was t o  d e t e r m i n e  g r o s s  p rob lems ,  

g r o s s  d e p a r t u r e  from i d e a l i t y ,  e t c .  The d a t a  were s u f f i c i e n t l y  

a c c u r a t e  t o  e s t a b l i s h  r e a s o n a b l e  homogeneity of  t h e  t a n k  

th roughou t  d i l u t i o n .  

E f f e c t  of  Flow Rate  

F i g u r e s  1 2 ,  1 3 ,  and 14 show mixer  b e h a v i o r  c l o s e  t o  t h e  

i d e a l  o v e r  a  wide  r ange  of f low r a t e s .  These d a t a  conf i rmed 

e a r l i e r  c o n c l u s i o n s  t h a t  a  f l o w  r a t e  a s  low a s  4 g a l / m i n  could  

be u s e d .  

E f f e c t  of Nozzle  S i z e  

Two o t h e r  n o z z l e  s i z e s ,  0 .38  and 0 .26  i n .  i n  d i a m e t e r ,  were 

i n v e s t i g a t e d  t o  e s t a b l i s h  t h e  e f f e c t  of  o f f - s t a n d a r d  n o z z l e  

s i z e .  

F i g u r e s  15  and 16 show t h a t  a  0 . 3 8 - i n .  n o z z l e  worked w e l l  

a t  b o t h  h i g h  and low f l o w  r a t e s .  T h e r e f o r e ,  c o n s i d e r a b l e  

e r o s i o n  of t h e  n o z z l e s  would n o t  r e s u l t  i n  a  d e g r a d a t i o n  of t h e  

mixing b e h a v i o r .  

The s m a l l e r  n o z z l e  ( 0 . 2 6 - i n . )  behaved v e r y  w e l l  a t  4 . 4  g a l /  

min a s  shown i n  F i g u r e  1 7 .  

Some d e p a r t u r e  from i d e a l i t y  d i s p l a y e d  by t h e  s m a l l  n o z z l e  

a t  7 . 7  g a l / m i n  may be due t o  d a t a  s c a t t e r .  The r e s u l t s  of t h e  

r u n s  shown i n  F i g u r e  18 remain somewhat of a  p u z z l e .  Although 

such  r e s u l t s  would i n d i c a t e  c h a n n e l i n g ,  i . e . ,  t h e  f u l l  volume 

of t h e  t a n k  i n  use, o b s e r v a t i o n  of t h i s  c a s e  ( i n c l u d i n g  o b s e r v a -  

t i o n  of  h i g h  speed  movies) showed no e v i d e n c e  of c h a n n e l i n g  o r  

g r o s s  h e t e r o g e n e i t y .  
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FIGURE 13.  SCTF Mixing Mock-Up Open Loop Response o f  S u c t i o n  P o r t  
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Conclusions 

In general, the open loop test showed that the mixing 

results were concluded to demonstrate satisfactory operation 

of the mixing system in meeti-ng the functional criteria 

required over a wide range of conditions. Conclusions based 

on the closed loop tests were confirmed by the open loop tests. 

The system was characterized by a fast recovery time (less 

than one minute) from an initial transient, a homogeneous con- 

dition at all times, good surface renewal without visible gas 

entrainment, and no operational problems such as cavitation, 

high pressure drop, or critical tolerances. No "fine tuning" 

effect in the design or operation of the mixing reservoir is 

discernible because of system operating capabilities over a 

wide range of conditions. 

DESIGN RECOMMENDATIONS 

Before the design is fixed for the Sodium Chemical 

Technology Facility (SCTF), small scale proof testing of the 

mixing system in sodium can possibly be achieved. Figure 19 

is a sketch of the basic mixing system and Table I gives the 
recommended dimensions. Results and conclusions of this 

study have led to the following design recommendations: 

Nozzle Changeout and Deflector Plate Adjustment Capability 

The nozzles should be cylindrical with length, lj, and 

diameter, dj, as indicated. The nozzle cluster and pres- 

sure line are to be constructed so that the nozzles can 

be disconnected from the pressure line and withdrawn 

together with the deflector plate through a port of suffi- 

cient size in the top of the tank. To facilitate this 

requirement, the deflector plate and nozzle cluster may 

be connected by three vertical rods 3/8-in. or less in 



TABLE I. Sodium Mixing Reservoir: SCTF Specifications 
of Dimensions and Tolerances 

Dimension Reduced Value 
SCTF Value 

Preliminary 

7.5 ft 

6 ft 

12 in. 

3 in. 

3.25 ft 

24 in. 

24 in. 

5.25 in. 

d. * - - 1.05 in. 
J 
d * 
P 

0.042 D 3 in. 

* R = j e t  l e n g t h  
j  

* d .  = J e t  d i a m e t e r  
d * dD = s u c t i o n  p o r t  d i a m e t e r  

Tolerance Values 

Reduced 
Item Tolerance SCTF 

Jet centering 50.01 D k0.3 in. 

Deflector centering tO.O1 D k0.3 in. 

Jet vertical r ?Arc Tan(L) k 2O 



I N O T E :  I N T E R N A L  P I P I N G  N O T  S H O W N  
T O P  P A R T  O F  T A N K  N O T  S H O W N  

1 9 a .  E L E V A T I O N  V I E L !  ( N O  S C A L E )  

N O T E :  I N T E R N A L  P I P I N G  
N O T  SHOWN 

1 9 b .  P L A N  V I E W  ( N O  S C A L E )  

FIGURE 1 9 .  Sodium Mixing Rese rvo i r  (PAL and SCTF) 
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d i a m e t e r  (SCTF) a r r a n g e d  about  t h e  p e r i m e t e r  of  t h e  j e t  

c l u s t e r  and d e f l e c t o r  p l a t e .  The d e f l e c t o r  p l a t e  d e p t h  

s h o u l d  be  a s  r e a d i l y  a d j u s t a b l e  a s  o t h e r  r e q u i r e m e n t s  i n  

t h e  r e s e r v o i r  w i l l  p e r m i t .  

S u c t i o n  P o r t s  

S u c t i o n  p o r t s  need n o t  be c y l i n d r i c a l  a s  shown i n  

F i g u r e  1 9 ,  b u t  must be p o i n t e d  upward and have t h e  g i v e n  

d imens ions .  Holes c u t  i n  t h e  t o p  of a  h o r i z o n t a l  p i p e  

r u n  would be a c c e p t a b l e .  I t  i s  s u g g e s t e d  t h a t  t h e  s u c t i o n  

l i n e  be made p a r t  of  t h e  p r e s s u r e  l i n e  n o z z l e  c l u s t e r  

h o l d e r  assembly  f o r  b e t t e r  s t r u c t u r a l  s t a b i l i t y  and 

s t r e n g t h .  
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