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Purpose of Stu+ 

There is a need t o  develop means of i n c r e a s i n g  t h e  r o t a t i n g  speeds 

of pumping system components t o  be  used i n  f u t u r e  gene ra t ion  a i rcraf t .  

The requirement  of increased  speeds i s  motivated by chanees and improve- 
. -  . .  - 

ments i n  a i rcraf t  power genera t ing  and process ing  systems. Successfu l  

a p p l i c a t i o n s  of t h e s e  new electr ical  power process ing  systems w i l l  

depend l a r g e l y  upon t h e  development of compatible  power consuming and 

accessory  dev ices .  The c h a r a c t e r i s t i c  h igh  frequency of t h e s e  systems 

is most r e a d i l y  adapted t o  e lectr ic  motors t h a t  r u n  a t  h igh  speed. The 

u s e  of h igh  speed motors f o r  d i r e c t  d r i v e  of f u e l  pumps i s  dependent 

upon t h e  a v a i l a b i l i t y  of pumping techniques  w i t h  r e l i a b l e  h igh  speed 

ope ra t ing  c h a r a c t e r i s t i c s .  

The earlier s t a g e s o f  t h i s  i n v e s t i g a t i o n  cons i s t ed  of a review of 

t h e  recent l i t e r a t u r e  dea l ing  wi th  h igh  performance pumping methods and 

’. t h e i r  r e l a t e d  problems, i n  p a r t i c u l a r  c a v i t a t i o n ,  and a review of t h e  

c u r r e n t  s tate of t h e  ar t  as found i n  t y p i c a l  a p p l i c a t i o n s  today. I n  

t h i s  way a r easonab le  p o i n t  of d e p a r t u r e  was e s t a b l i s h e d  and what would 

appear  t o  b e  t h e  most promising areas f o r  f u r t h e r  s tudy  and p o s s i b l e  

even tua l  development could be  i d e n t i f i e d .  

Because no s i n g l e  s p e c i € i c  des ign  s i t u a t i o n  w a s  cons idered ,  a broader  

s tudy  w a s  undertaken which would a l low eva lua t ion  of more b a s i c  concepts ,  

and more gene ra l i zed  r e s u l t s  were thus  obta ined .  The area of a p p l i c a t i o n  

d i d  sugges t  some n a t u r a l  c o n s t r a i n t s  however, and rough gu ide l ines  

r ega rd ing  system performance requirements  and f u e l  c h a r a c t e r i s t i c s  were 

t h u s  a v a i l a b l e .  

The development of h igh  performance pumping systems has been l a r g e l y  

a n  evo lu t iona ry  process  wi th  both theorv  and empi r i c i sm assuming s i p n i € i -  
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c a n t  r o l e s .  The s ta te  of t h e  a r t ,  s p e c i f i c a l l y  wi th  r e s p e c t  t o  a i r c r a f t  

f u e l  systems,  is  j u s t  t h a t  - an a r t ,  because many of t h e  phenomena involved 

are, even now, poor ly  understood.  

A review of t h e  r e c e n t  l i t e r a t u r e  r e v e a l s  very  l i t t l e  about a i r c r a f t  

f u e l  systems,  t h e i r  sometimes unique o p e r a t i o n a l  requirements  o r  problem 

areas. 

cerned wi th  t h i s  r a t h e r  s p e c i a l i z e d  area is  l a r g e l y  r e s p o n s i b l e  f o r  t h i s  

absence of a v a i l a b l e  informat ion .  Never the less ,  t h e  l i t e r a t u r e  does con ta in  

numerous s t u d i e s  wherein a predominantly classical  a n a l y s i s  of t h e  behavior  

of turbomachinery has  been extended t o  inc lude  pumps, o r  i nduce r s  w i t h  

h igh  s u c t i o n  s p e c i f i c  speeds t h a t  o p e r a t e  a t  low n e t  p o s i t i v e  s u c t i o n  head, 

NPSH. Because of t h e  degree  of s o p h i s t i c a t i o n  t o  which t h i s  kind of 

a n a l y s i s  on bo th  inducers  and convent iona l  impe l l e r s  has  progressed ,  i t  is  

h i g h l y  u n l i k e l y  t h a t  f u r t h e r  s i g n i f i c a n t  advances i n  t h e  ope ra t ing  charac- 

teristics of e i t h e r  dev ice  w i l l  be  obta ined  without  some major d e p a r t u r e  

from t h e i r  t r a d i t i o n a l  a p p l i c a t i o n .  

t h a t  t h i s  s tudy  h a s  d e a l t  w i th  and at tempted eva lua t ion  of o t h e r  less 

familiar and sometimes novel  approaches t o  t h e  s o l u t i o n  of pumping a t  h igh  

speed and/or  from low NPSH. It i s  a l s o  obvious t h a t  cont inued inves t iga -  

t i o n  of new i d e a s  and imagina t ive  a p p l i c a t i o n  of b a s i c  concepts  ho lds  t h e  

most promise i f  f u r t h e r  major improvements are t o  be obta ined .  

Considerable  compet i t ion  between i n d u s t r i a l  o rgan iza t ions  con- 

It is with  t h i s  as a guiding assumption 



Br ie f  Desc r ip t ion  of Typica l  A i r c r a f t  Fue l  System 

I n  gene ra l  j e t  a i r c r a f t  f u e l  systems con ta in  a t  l ea s t  two types of 

f u e l  pumps. 

boos t e r  pumps. 

These are engine mounted h igh  p res su re  pumps and tank  mounted 

Each eng ine  has  one engine mounted pump t h a t  d e l i v e r s  f u e l  t o  t h e  main 

combustion chamber. It is  a p o s i t i v e  displacement  gear  type  pump and runs  

a t  a des ign  speed of about  6000 rpm. Typica l  maximum flow rate  c a p a b i l i t y  

i s  under 100 gpm al though t h e  l a r g e r  des igns  under development, such as  

t h e  SST,have f low rates up t o  250 gpm. 

h i g h  as 1100 p s i  above t h e  i n l e t  p re s su re .  

power output  r equ i r ed  by a j e t  engine t h e r e  i s  a n  accompanying wide range 

of r equ i r ed  f u e l  f low. 

i n  terms of a t u r n  down r a t i o  which i s  def ined  as t h e  r equ i r ed  maximum flow 

rate d iv ided  by t h e  ope ra t ing  f low rate. 

v a l u e s  of 15:l. Because a gear  pump is  a p o s i t i v e  displacement  pump wi th  

i ts  des ign  f low rate equal  t o  t h e  maximum flow r e q u i r e d ,  unneeded f u e l  is  

r e tu rned  t o  t h e  pump i n l e t  by t h e  f u e l  c o n t r o l  which i s  mounted downstream 

of t h e  pump. 

The d e l i v e r y  p re s su re  can go as  

Because of t h e  wide range  of 

The range  of r equ i r ed  f u e l  f low is  u s u a l l y  expressed 

This  r a t i o  can e a s i l y  exceed.  

Each engine  mounted pump has  a c e n t r i f u g a l  o r  a x i a l  f low boos t  s t a g e ,  

u s u a l l y  engine mounted and running a t  6000 rpm t h a t  receives f u e l  and 

p r e s s u r i z e s  i t  t o  supply s u f f i c i e n t  NPSH t o  t h e  h igh  p r e s s u r e  main gear  

pump. These boos t  pumps have t y p i c a l  p re s su re  rises of 80 t o  100 p s i .  

The engine mounted boost  pumps r e c e i v e  f u e l  from tank  mounted boos t  

pumps which supply them wi th  adequate  NPSH t o  o p e r a t e  s a t i s f a c t o r i l y  a t  

a l l  a l t i t u d e s .  The i n d i v i d u a l  f low rates of tank  boos t  pumps appear t o  

have no r e l a t i o n  t o  engine pump flow rates  because t h e r e  are more of them, 

they  are o f t e n  manifolded toge the r  t o  create redundancy and they have t h e  



a b i l i t y  t o  d e l i v e r  f u e l  from a l l  t a n k s ,  R-epresentative p re s su re  rises 

are around 18 p s i .  Cav i t a t ion  i s  a problem f o r  tank  mounted boost  pumps 

because t h e  h e i g h t  of f u e l  above them can become as low as  5 t o  10 inches  

and the f u e l  i n  t h e  tank  can be b o i l i n g ,  e s p e c i a l l y  a t  h igh  a l t i t u d e s  and 

h igh  ra tes  of c l imb.  

The advantage of us ing  a f i x e d  displacement  pump f o r  t h e  main h igh  

p r e s s u r e  supply  i s  i t s  a b i l i t y  t o  develop h igh  heads a t  low speeds.  Th i s  

i s  p a r t i c u l a r l y  necessary  a t  cranking speeds which are about 10% of des ign  

speed. 

speed whereas a c e n t r i f u g a l  pump can develop only  1% of i t s  des ign  p res su re  

rise at  10% of des ign  speed u n l e s s  independent ly  d r iven .  Ear ly  g a s  t u r b i n e  

The f i x e d  displacement  pump can d e l i v e r  adequate  p re s su re  at t h i s  

f u e l  systems employed f i x e d  displacement  pumps and engine manufacturers  

have n o t  been persuaded t o  change t h i s  proven, dependable,  long l i f e  

des ign .  This  t ype  of pump was used i n  e a r l y  a f t e r b u r n e r  des igns  a l s o  

because of t h e  development background t h a t  i t  had. However, f o r  t h e  h ighe r  

a f t e r b u r n e r  f lows encountered i n  c u r r e n t  engines  t h e  weight advantage of 

t h e  c e n t r i f u g a l  pump was recognized and i t  is  now used ex tens ive ly  f o r  

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

range up t o  30,000 rpm. 

f u g a l  pumps a l s o  permi ts  a weight r educ t ion  i n  t h e i r  d r i v e  mechanism. 

Typica l  speeds of c e n t r i f u g a l  a f t e r b u r n e r  pumps 

The low torque  a s s o c i a t e d  wi th  h igh  speed c e n t r i -  

Another impor tan t  advantage of t h e  c e n t r i f u g a l  pump i s  t h a t  dependence 

upon f u e l  l u b r i c a t e d  s l i d i n g  s u r f a c e s  is el iminated '  thus  o f f e r i n g  a high  

degree  of r e l i a b i l i t y  from t h i s  s t andpo in t .  

The d i f f i c u l t i e s  encountered i n  adopt ing  h igh  speed c e n t r i f u g a l  pumps 

t o  main engine f u e l  pump ope ra t ion  are most c l o s e l y  a s soc ia t ed  wi th  two 

requi rements .  These a r e  t h e  development of a s u i t a b l e  means of handl ing  

t u r n  down r a t i o s  without  excess  f u e l  hea t ing  and t h e  provis ion  of adequate  

NPSH t o  prevent  c a v i t a t i o n  damage. Because no s i n g l e  s p e c i f i c  system 
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des ign  s p e c i f i c a t i o n  w a s  assumed i n  t h i s  s tudy ,  methods of overcoming 

e i t h e r  one as w e l l  as poss ib ly  both  of t h e  above requirements  were deemed 

s u i t a b l e  f o r  i n v e s t i g a t i o n .  I n  t h i s  way chances were maximized t h a t  some 

concept t h a t  would prove adap tab le  t o  a t  least  a p o r t i o n  of f u t u r e  f u e l  

system des igns  would evolve .  Concepts t h a t  were considered inc lude  vapor 

c o r e  pumps, i n j e c t i o n  of high energy s w i r l i n g  f low i n  pump i n l e t s ,  j e t  

pumps, c a v i t a t i o n  s e p a r a t i o n  dev ices  and shear  f o r c e  impe l l e r s .  Because 

t h i s  s tudy  i s  concerned wi th  t h e  a d a p t a t i o n  of pumps t o  h igh  speed e l e c t r i c  

motor d r i v e s ,  i t  is  assumed t h a t  t h e  problem of adequate  p r e s s u r e  a t  

engine  cranking speeds is absen t .  That i s ,  t h e  pumps are assumed running 

b e f o r e  s t a r t  up o r  t h a t  independent s t a r t i n g  f u e l  systems are a p a r t  of 

t h e  prime mover. 

l ack ing  a d r i v e  s h a f t  and accessory  gear  pad as would be  t h e  case, f o r  

The above would have t o  b e  t r u e  wi th  main power p l a n t s  

example, w i t h  a ram j e t .  



Vapor Core Pumps 

For c u r r e n t  and f u t u r e  engine a p p l i c a t i o n s  r e q u i r i n g  h igh  f u e l  f low 

rates t h e  c e n t r i f u g a l  pump o f f e r s  t h e  g r e a t e s t  advantage.  This  i s  ev ident  

from f i g u r e  1 where a weight comparison of t h e  c e n t r i f u g a l  pump wi th  t h e  

gear  pump ope ra t ing  a t  similar speeds i s  shown. Flow rates above 80 gpm 

are n o t  g iven  simply because t h i s  i s  t h e  ex ten t  of t h e  normal range.  

Only r e c e n t  des igns  such as t h e  SST go above 80 gpm and r e l i a b l e  d a t a  were 

no t  a v a i l a b l e .  

t h e  promise of f u r t h e r  speed i n c r e a s e s  wi th  t h e  c e n t r i f u g a l  pump would 

r e s u l t  i n  an even g r e a t e r  r educ t ion  i n  pump weight pe r  u n i t  of f low.  - 

While such a comparison can a t  b e s t  on ly  be r e p r e s e n t a t i v e ,  

6 

The problem t h a t  is encountered wi th  a cons t an t  speed c e n t r i f u g a l  

pump i s  t h a t  t h e  temperature  a t  extreme t u r n  down cond i t ions ,  such as h igh  

a l t i t u d e  and low f u e l  f low,  can become p r o h i b i t i v e .  One device  which over- 

comes t h i s  problem a s s o c i a t e d  wi th  v a r i a b l e  flow rates is  t h e  vapor c o r e  

pump. This  p r i n c i p l e ,  wh i l e  no t  new, has  had l i t t l e  a t t e n t i o n  i n  t h i s  

count ry  and has  been developed l a r g e l y  i n  England. It is now j u s t  

beginning t o  a t t r ac t  s e r i o u s l y  t h e  active a t t e n t i o n  of some manufacturers  

i n  t h i s  count ry .  I n  t h i s  pump, f low i n t o  t h e  impe l l e r  eye is  regu la t ed  

by a t h r o t t l e  v a l v e  whose e f f e c t  i s  t o  produce a c o r e  of f u e l  vapor  i n  

t h e  eye,  t h e  d i a n e t e r  of t h e  c o r e  varying as a f u n c t i o n  of speed, f low 

and d e l i v e r y  p re s su re .  Because of t h i s  f e a t u r e  i t  i s  known as t h e  vapor 

c o r e  pump. 

t h e  l i g h t  weight and s i m p l i c i t y  of a d i r e c t  d r i v e  c e n t r i f u g a l  pump. 

It combines t h e  t u r n  down range of a v a r i a b l e  speed pump wi th  

Normally ope ra t ing  c e n t r i f u g a l  pumps running a t  cons t an t  speed have 

q u i t e  h igh  f r i c t i o n a l  power l o s s  e s p e c i a l l y  i n  t h e  lower s p e c i f i c  speed 

range  which would be  r equ i r ed  f o r  t y p i c a l  a i r c r a f t  f low rates and p res su res .  

This  power l o s s  man i fe s t s  i t s e l f  as a temperature rise i n  the  pumped f u e l .  

While t h i s  r ise  may no t  be  s i g n i f i c a n t  a t  design flow i t  can be  unaccep- 
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t a b l y  high at minimum flow c o n d i t i o n s .  Maintaining design flow by 

r e c f r c u l a t i n g  some of t h e  f u e l  back t o  t h e  i n l e t  simply r e s u l t s  i n  

repea ted  accumlat ive hea t ing  of a p o r t i o n  of t h e  f u e l  be fo re  i t  e n t e r s  

t h e  engine ,  w i t h  t h e  same u n s a t i s f a c t o r y  r e s u l t .  I n  t h e  vapor c o r e  pump, 

wi th  a t h r o t t l e  a t  t h e  impe l l e r  eye ,  a c o r e  of vapor i s  formed, t h e  d i a -  

meter of which varies wi th  t h e  demands of t h e  system. With low f lows  

p r e s s u r e  requirements  a re  g e n e r a l l y  a l s o  low and t h e  impe l l e r  chamber 

can  b e  n e a r l y  empty. I n  t h i s  way t h e  d i s k  f r i c t i o n  l o s s  i s  reduced thus  

reducing t h e  a s soc ia t ed  f u e l  temperature  r ise .  A s  t h e  system p res su re  

and f low demand approach maximum v a l u e  t h e  vapor co re  dec reases  o r  d i s -  

appears  a l t o g e t h e r  and t h e  pump f u n c t i o n s  i n  t h e  convent ional  manner. 

An immediate ques t ion  t h a t  arises when cons ider ing  such an  a r range-  

ment i s  t h a t  of c a v i t a t i o n .  It should be remembered t h a t  c a v i t a t i o n  

damage occurs  when vapor bubbles  formed i n  low p res su re  i n l e t  r eg ions  

c o l l a p s e  i n  t h e  h igher  p r e s s u r e  s e c t i o n s  of t h e  flow through t h e  pump. 

This  problem i s  normally overcome by providing s u f f i c i e n t  head above 

vapor p r e s s u r e  i n  t h e  i n l e t  reg ion  t o  prevent  bubble formation.  By con- 

t ras t  c a v i t a t i o n  damage does not  occur  i n  t h e  vapor c o r e  pump because 

t h e  two  phase f low is  no t  t h a t  of bubbles  surrounded by l i q u i d  but  r a t h e r  

t h a t  of l i q u i d  d r o p l e t s  surrounded by vapor .  The i n l e t  t h r o t t l e  v a l v e  

i s  l o c a t e d  i n  t h e  eye i n  such a way t h a t  a vapor / l i qu id  i n t e r f a c e  o r  f r e e  

s u r f a c e  i s  formed wi th in  t h e  impel le r  and f u e l  c r o s s e s  t h e  vapor c o r e  and 

e n t e r s  t h i s  s u r f a c e  as a stream of d r o p l e t s .  Beyond t h i s  vapor l i q u i d  

i n t e r f a c e  t h e  f u e l  is  cen t r i fuged  i n  e s s e n t i a l l y  t h e  normal f a sh ion  t o  

t h e  pump d e l i v e r y .  Tes ts .conducted  by Dowty Fuel  Systems Limited,  and 

descr ibed  i n  r e f e r e n c e  (1)* would sugges t  t h a t  accep tab le  ope ra t ion  is  

* Numbers i n  parentheses  r e f e r  t o  r e fe rences  l i s t e d  a t  t h e  end of t h i s  r e p o r t .  
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achieved even w i t h  g a s / l i q u i d  mixtures  i n  t h e  i n l e t  l i n e .  

t h e  pump seems capable  of func t ion ing  wi th  a V/L o r  vapor l i q u i d  mixture  

i n  i t s  i n l e t .  

I n  o t h e r  words, 

Because t h e  impe l l e r  does n o t  r u n  f u l l  a t  p a r t  load cond i t ions  a 

s i g n i f i c a n t  r educ t ion  i n  s h a f t  power i s  r e a l i z e d  i n  c o n t r a s t  t o  a conven- 

t i o n a l  c e n t r i f u g a l  pump. Add i t iona l ly ,  t h e  reduced temperature  r i s e  of 

t h e  f u e l  pas s ing  through t h e  pump provides  f o r  a d d i t i o n a l  h e a t  s i n k  

capac i ty  of t h e  f u e l  when maximum engine i n j e c t o r  f u e l  temperature  l i m i t s  

are imposed. A p l o t  of t h e  power c h a r a c t e r i s t i c s  of a vapor c o r e  pump 

based on a c t u a l  tests by Dowty Fuel  Systems Limited i s  shown i n  f i g u r e  2 .  

The des ign  p o i n t  f o r  t h e  f u l l  running pump was a t  1000 p s i ,  21, 000 rpm 

and about  160 gpm. Major power sav ings  even a t  on ly  s l i g h t l y  less than  

maximum p r e s s u r e  are  obta ined  a t  a l l  reduced f low r a t e s .  The f u e l  tempera- 

t u r e  rises encountered dur ing  t h e s e  tes ts  are shown i n  f i g u r e  3 .  

Some tests have been run  i n  t h i s  country by Chandler Evans, I n c .  

of West Har t fo rd ,  Connect icut .  They r e p o r t  (2) t h a t  w i th  minor changes i n  

mechanical des ign  of impe l l e r  f l u i d  passages a des ign  f r e e  of any cavita- 

t i o n  e ros ion  w a s  ob ta ined .  

The i n l e t  p r e s s u r i z a t i o n  requirement  of t h e  v a p o r - c o r e  pump 2s about  

30 p s i  above f u e l  vapor p r e s s u r e  when ope ra t ing  i n  t h e  vapor c o r e  mode. 

When ope ra t ing  i n  t h e  f u l l  running cond i t ion  i t  should have a s u c t i o n  

s p e c i f i c  speed l i m i t  near  t h a t  of any o t h e r  c e n t r i f u g a l  pump and a 

reasonable  f i g u r e  is  8000 us ing  Rpm u n i t s  f o r  f l o w  rate. The NPSH r e q u i r e -  

\ 

ment i s  then  dependent upon r o t a t i n g  speed and f low rate .  These r e q u i r e -  

ments f o r  convent iona l  des ign  pumps with an assigned s u c t i o n  s p e c i f i c  

speed of 8000 are shown i n  f i g u r e  4 .  

The vapor co re  pump lends  i t s e l f  t o  p o s s i b l e  adap ta t ion  t o  s y s t e m s  

having t h r u s t  augmentation o r  a f t e r b u r n e r s .  The inco rpora t ion  of t h e  
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fuel requirement  of t h i s  subsystem i n t o  t h e  main engine f u e l  pump spec i -  

f i c a t i o n  merely ex tends  t h e  rarige of t u r n  down r a t i o s  and t h e  a d d i t i o n  of 

a s e p a r a t e  pump i s  unnecessary.  A simple numerical  example w i l l  h e l p  t o  

develop t h i s  p o i n t .  

and a f t e r b u r n e r  f lows r e s p e c t i v e l y  and R t h e  main engine t u r n  down r a t i o  

L e t  \ and Q, r e p r e s e n t  t h e  maximum main engine 

under maximum engine speed or  a f t e r b u r n e r  ope ra t ing  cond i i tons .  Then f o r  

a s i n g l e  pump d e l i v e r i n g  both f lows t h e  o v e r a l l  t u r n  down r a t i o  i s  

QR 

Om 
= R ( l  + - )  

max. combined f low 
min. engine f low 

- %I + QR - 
%', 

A t y p i c a l  v a l u e  of R i s  5 and of '?,/Om is  4 . 6 .  The r e s u l t i n g  combined 

r a t i o  is  

QR 

Om 
R (1 + - )  = 5(5.6) = 28 

Within t h i s  v a l u e  t h e  main engine r a t i o  of 5 could be accompanied by 

an  a f t e r b u r n e r  r a t i o  anywhere i n  i t s  range  which can g e t  as high a s  100 t o  

1. Normally a f t e r b u r n e r  pumps r e q u i r e  s p e c i a l  valves a t  i n l e t  a s  they  run  

cont inuous ly  and are pumped d r y  wi th  c losed  i n l e t s  when t h e  a f t e r b u r n e r  is  

shut  o f f .  Deriving a f t e r b u r n e r  flow from t h e  main pump, whose normal 

p r e s s u r e  r ise a t  maximum flow is  s u i t a b l e  f o r  t h i s  func t ion ,  provides  a 

t a n g i b l e  r educ t ion  i n  pump system complexity. 



I n l e t  Flow Condit ionine Usine Swir l ing  Je t  Flows 

One of t h e  b a s i c  needs of any h igh  speed c e n t r i f u g a l  pump whether i t  

be  a convent iona l ly  ope ra t ing  c e n t r i f u g a l  type  o r  one which is  f u l l  running 

only  p a r t  of t h e  t i m e  w i th  vapor c o r e  ope ra t ion  dur ing  t h e  remainder i s  

t h a t  of adequate  n e t  p o s i t i v e  s u c t i o n  head a t  t h e  i n l e t .  This  NPSH i s  

provided by boos t  s t a g e  pumps o r  inducers  which have t h e  c a p a b i l i t y  of 

ope ra t ing  a t  v e r y  low and even sometimes vanish ing  NPSH and developing 

s u f f i c i e n t  head t o  meet t h e  NPSH requirements  of downstream high  p res su re  

s t a g e s .  I f  t h e  developed head of boost  s t a g e s  can be  increased  then  t h e  

ope ra t ing  speed of t h e  fo l lowing  downstream s t a g e  can be  increased  a l s o .  

One means of i n c r e a s i n g  t h e  head developed by boos t  s t a g e s  i s  by inc reas ing  

t h e i r  r o t a t i n g  speed. I n  o rde r  t o  do t h i s  however an  i n c r e a s e  i n  s u c t i o n  

s p e c i f i c  speed w i l l  be necessary .  

v a l u e s  can be  increased  f o r  a g iven  boost  s t a g e  and r e p r e s e n t  t h e  h i g h e r  

v a l u e  by primed q u a n t i t i e s .  Then, i f  t h e  boost  i n l e t  NPBH remains cons t an t  

arid t h e  s p e c i f i c  speed, Ns, i s  maintained cons t an t  by s u i t a b l e  mod i f i ca t ion  

i n  b lade  shape t h e  fo l lowing  can be  w r i t t e n  where B refers t o  boost  s t age .  

Assume t h a t  s u c t i o n  s p e c i f i c  speed 

where N i s  speed i n  rpm, Q i s  flow rate  i n  gpm and H i s  head. 

Rearranging 
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But t h e  high p r e s s u r e  s t a g e s  have e s s e n t i a l l y  cons tan t  s u c t i o n  s p e c i f i c  

speeds so  t h a t  (with P r e f e r r i n g  t o  main pump s t age )  

o r  equ iva len t ly  

where H i s  t h e  n e t  p o s i t i v e  s u c t i o n  head. Assuming t h a t  (H'  ) = H i  sv sv P 
and t h a t  (H ) = HB 

sv P 

t h a t  i s ,  t h a t  t h e  boos t  s t a g e  H is  s m a l l  compared t o  i t s  head rise, then sv 

o r  wi th  no change i n  t h e  boost  s t a g e  H sv 

. . . . . .  1 



1 2  

I n  o t h e r  words t h e  l i m i t i n g  r a t i o  of f i n a l  t o  o r i g i n a l  speed for t h e  

main pump equals  t h e  r a t i o  of improved t o  o r i g i n a l  s u c t i o n  s p e c i f i c  speed 

of t h e  boost  s t a g e .  

With t h i s  r e s u l t  as a t  least  an  approximate i n d i c a t i o n  of t h e  rela- 

t i o n s h i p  of main pump speed improvement t o  boos t  s u c t i o n  s p e c i f i c  speed 

i n c r e a s e  i t  seems q u i t e  n a t u r a l  t o  cons ider  methods of improving boos t  

s t a g e  s u c t i o n  s p e c i f i c  speed. One method t h a t  has  a t t r a c t e d  only modest 

a t t e n t i o n  i n  t h e  p a s t  (3)  and y e t  seems worthy of f u r t h e r  cons ide ra t ion  is 

& a t  of i n j e c t i n g ,  i n  an  e s s e n t i a l l y  t a n g e n t i a l  manner, some of  t h e  h igher  

p re s su re  boos t  d e l i v e r y  flow i n t o  t h e  i n l e t  of t h e  boos t  s t age .  In t h i s  

way a d e l i b e r a t e  s w i r l i n g  motion is  set  up i n  t h e  i n l e t  flow. With proper  

l o c a t i o n  and shape of t h e  i n j e c t i o n  p a t t e r n  s u i t a b l e  c o n t r o l  over  t h e  d i s -  

t r i b u t i o n  and s t r e n g t h  of t h e  s w i r l i n g  flow should be  obtained.  Swir l ing  

flow i n  t h e  i n l e t  w i l l  r e s u l t  i n  two b e n e f i c i a l  changes i n  i n l e t  f low. 

The relative v e l o c i t y  between t h e  impe l l e r  o r  inducer  b l ade  l ead ing  edges 

w i l l  be reduced w i t h  s w i r l  i n  t h e  d i r e c t i o n  of b l a d e  r o t a t i o n  and a r a d i a l  

p re s su re  g r a d i e n t  w i l l  be  set  up causing a n  i n c r e a s e  i n  p re s su re  toward 

t h e  b l a d e  t i p s  where t h e  c a v i t a t i o n  speed l i m i t i n g  problem predominates.  

As an  i n i t i a l  suppos i t i on  i n  t h e  a n a l y s i s  of t h i s  s i t u a t i o n  t h e  s w i r l i n g  

flow i s  assumed t o  begin  a t  some f r a c t i o n ,  x ,  o f  t h e  o u t e r  r ad ius  of t h e  

inducer  o r  a t  x = r/ro, and t h e  d i s t r i b u t i o n  of s w i r l  from t h i s  p o i n t  on 

outward t o  r i s  taken as l inear.  Cons idera t ion  of o t h e r  s t u d i e s  invo lv ing  

s w i r l i n g  flow has  shown t h i s  t o  be  a reasonable  approximation. 

0 

Admittedly t h e  i n f l u e n c e  of t h e  w a l l  boundary l a y e r  i s  omi t ted  and 

t h e r e  w i l l  be  a tendency f o r  such a v e l o c i t y  p r o f i l e  t o  r e d i s t r i b u t e  t h e  

p o i n t  of maximum v e l o c i t y  inward away from t h e  w a l l  as i t  progresses  down- 

stream i n  t h e  flow. It i s  expected t h a t  t h e  r eg ion  under cons ide ra t ion  

he re  occurs  w i t h i n  one diameter  of t h e  s w i r l i n g  j e t  inpu t  and t h a t  some 

c o n t r o l  over  t h e  mixing p r o f i l e  w i l l  be  ob ta inab le  from t h e  j e t  geometry 



i n  t h i s  range. 

As a f i r s t  s t e p  t h e  r a d i a l  p re s su re  d i s t r i b u t i o n  r e s u l t i n g  from t h i s  

kind of s w i r l  p a t t e r n  should be  developed. The t a n g e n t i a l  o r  s w i r l i n g  

v e l o c i t y  a t  any po in t  between x r  and r is  g iven  by 
0 0 
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. . . . .  2 

where V i s  t h e  maximum s w i r l i n g  v e l o c i t y ,  a t  r . e 0 

Assuming i n v i s c i d ,  incompress ib le  flow, t h e  r a d i a l  equ i l ib r ium 

equat ion  is  

d r  y r 
where y is f l u i d  s p e c i f i c  weight .  

S u b s t i t u t i n g  t h e  equat ion  f o r  v g ives  
0 

I n t e g r a t i n g  between xr  and r and d iv id ing  by y t h e  r e s u l t  g ives  t h e  

i n c r e a s e  i n  head between t h e  non s w i r l i n g  r eg ion  and t h e  o u t e r  edge of 

t h e  s w i r l  r eg ion  a t  t h e  b l a d e  t i p s ,  t h a t  i s ,  t h e  s w i r l i n g  head a t  t h e  

0 0 

Note t h a t  when.x equals  zero  t h e  s w i r l  extends t o  t h e  c e n t e r  of t h e  i n l e t  

l i n e  and t h e  u s u a l  r e s u l t  of V /2g a s s o c i a t e d  w i t h  s o l i d  body r o t a t i o n  is 

obtained.  

2 
e 

The r e s u l t  shown i n  equat ion  3 w i l l  b e  non dimensional ized by 

2 
6 d iv id ing  both s i d e s  by V /2g and c a l l i n g  t h e  r e s u l t  B. 
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B i s  t h e  f r a c t i o n  of s o l i d  body head a t  t h e  b l ade  t i p s  which r e s u l t s  from 

a l i n e a r  s w i r l  d i s t r i b u t i o n  s t a r t i n g  a t  x r  . "he r e s u l t  is shown p l o t t e d  

i n  f i g u r e  5. The dimensionless parameter B w i l l  be  u s e f u l  i n  subsequent 

ana lyses .  

0 

A t t e n t i o n  i s  now d i r e c t e d  toward ob ta in ing  t h e  optimum diameter  f o r  

minimum n e t  p o s i t i v e  s u c t i o n  head requirement o r  e q u i v a l e n t l y  maximum 

speed of r o t a t i o n  o r  maximum s u c t i o n  s p e c i f i c  speed. 

The i d e a s  d i scussed  h e r e  are based on t h e  following s imple  equat ion  

w 2  H j = K z  + HV 
f o r  c a v i t a t i o n  i n  turbopumps . . . . .  5 

J 
where H is  t h e  s t a t i c  head b e f o r e  t h e  en t r ance  t o  t h e  b l ad ing ,  K i s  a 

vane c a v i t a t i o n  c o e f f i c i e n t ,  W i s  t h e  f l u i t l  re la t ive v e l o c i t y  b e f o r e  

i 

e n t e r i n g  t h e  b l ade  passages and H i s  f l u i d  vapor p re s su re .  The equat ion  

states t h a t  t h e  s t a t i c  head j u s t  b e f o r e  e n t e r i n g  t h e  b lad ing  should b e  

V 

s u f f i c i e n t l y  above vapor p r e s s u r e  t o  a l low f o r  a p r e s s u r e  drop upon 

e n t e r i n g  t h e  b l ades  and avoid c a v i t a t i o n  o r  a l low only l i m i t e d  c a v i t a t i o n  

as  governed bv t h e  v a l u e  of K. 
., - b 

K f o r  i n c i p i e n t  c a v i t a t i o n  i s  de f ined  as 

where W i s  t h e  re la t ive v e l o c i t y  of t h e  f l u i d  a t  t h e  minimum p r e s s u r e  

p o i n t  w i t h i n  t h e  b l ades .  

B 

With i n l e t  s w i r l  t h e  s t a t i c  head, H a t  t h e  b l ade  t i p  i s  equa l  t o  i' 

t h e  n e t  p o s i t i v e  s u c t i o n  head upstream of t h e  boos t  s t a g e ,  minus t h e  

v e l o c i t y  head i n  t h e  i n l e t  l i n e ,  p l u s  t h e  i n c r e a s e  r a d i a l l y  i n  p r e s s u r e  

due t o  t h e  s w i r l i n g  p a t t e r n  i n  t h e  flow, p l u s  vapor p re s su re .  

v: . . . . .  6 
a 

-!& i- B- +Hv 
29 v Hi 'i: HSV 

where V i s  t h e  i n l e t  a x i a l  v e l o c i t y ,  V i s  t h e  s w i r l i n g  v e l o c i t y  a t  the  

b l ade  t i p s  and B i s  taken from f i g u r e  5 and based upon the  inward e x t e n t  
a 0 ,  
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of the swirl pattern. 

The inlet tip relative velocity W is obtained from the velocity vector 

diagram, figure 6, and the relationship which will be used in this develop- 

ment is . . . . .  7 
2 Making substitution for H and W in equation 6 and rearranging gives i 

. . . . .  8 

J 
A dimensionless swirl number 

this into equation 8 results .. 
X = V /U 

in 

Gill prove useful and introducing e t  

Because the purpose of this part of the analysis is to obtain optimum 

inlet diameters and resulting suction specific speeds the above equation 

must be written in terms of inlet diameter where appropriate. Accordingly 

where Q is volume flow rate in gpm and C 

decrease the number of symbols used. 

is a simplification to help 1 
Similarly 

where N is inducer speed in rpm and C is introduced for economy of terms. 2 

With these changes equation 9 becomes .. 

Differentiating with respectato d 
V 

to obtain the diameter allowing minimum 

and setting this equal to zero and solving for d gives 
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f 

wi th  Q i n  gpm. 

S u b s t i t u t i o n  of t h i s  back i n t o  equat ion  10  f o r  He,, gives  

where A i s  a numerical  cons t an t .  

The corresponding optimum s u c t i o n  s p e c i f i c  speed i s  

The equa t ion  f o r  optimum S f o r  t h e  case of zero s w i r l  reduces t o  
S 

which is  i d e n t i c a l  ta r e s u l t s  ob ta ined  i n  t h e  l i t e r a t u r e ,  ( 4 ) ,  (5) i n  

s t u d i e s  wi thout  i n l e t  s w i r l .  

Before i t  i s  p o s s i b l e  t o  assess t h e  e f f e c t  of p r e s w i r l  on s u c t i o n  

s p e c i f i c  speed i t  i s  necessary  t o  proper ly  match t h e  va lue  of X and t h e  

va lue  of B o r  e q u i v a l e n t l y  t h e  s t r e n g t h  and inward r a d i a l  e x t e n t  of 

s w i r l i n g  flow d i s t r i b u t i o n .  

a t  t h e  t i p  t h e r e  i s  a d e f i n i t e  va lue  of r i n t o  which the  s w i r l  p a t t e r n  

should extend so t h a t  t h e  worse c a v i t a t i o n  s i t u a t i o n  does not  occur a t  

In o t h e r  words f o r  any given amount of s w i r l  

r a d i i  i n s i d e  of t h e  s w i r l  p a t t e r n  on t h e  one hand and s o  t h a t  t h e  s w i r l  

p a t t e r n  does n o t  extend i n  f u r t h e r  than necessary  on t h e  o the r .  It should 

be recognized t h a t  what fo l lows  simply matches t h e  c a v i t a t i o n  cond i t ion  a t  

t h e  two end p o i n t s  of t h e  s w i r l  p a t t e r n  and does not  cons ider  p o i n t s  i n  

between. This  i s  t h e  only p o s s i b i l i t y  i f ,  as i s  t h e  case he re ,  a l i n e a r  s w i r l  

d i s t r i b u t i o n  i s  assumed. Later ana lyses  i n  t h i s  s tudy develop equa t ions  f o r  
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its complexity does not warrant introduction 

time. 

In terms of parameters in the blade tip 

head H was given by equation 8 as sv 

the swirl distribution that maintains constant cavitation conditions 

throughout the entire swirl region but the result is close to linear and 

into the analysis at this 

region 'the net positive suction 

At the radius xr where swirling flow starts the suction head is given 
0 

as follows 

where 

point 

Equat 

. . . . .  14 

K and K 

respectively and U 

refer to blade coefficients at the tip and the swirl starting t X 

is the blade tangential velocity at radius xr . 
X 0 

ng these two expressions for H will require in essence that the sv 
swirling mation at the tip be just sufficient to match flow conditions at 

xr in order that the upstream H requirement be the same in both cases. 

This gives the following result 

0 sv 

.Assuming that K and K t X 
are nearly the same and simply calling them K gives 

' 2  Dividing both sides by KU, gives 

thus an equation relating A ,  B and x is obtained. 
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. . . .' 16 

B and x a r e  n o t  independent however a s  they a re  r e l a t e d  by equat ion  4 .  

This  means t h a t  equat ion  1 6  is  r e a l l y  t h e  r e q u i r e d  r e l a t i o n s h i p  between X 

and x. The r e s u l t  is  shown g r a p h i c a l l y  i n  f i g u r e  7 f o r  v a r i o u s  v a l u e s  of 

K t y p i c a l  of high s u c t i o n  s p e c i f i c  speeds.  

c o e f f i c i e n t ,  matched v a l u e s  of s w i r l  s t a r t i n g  p o i n t  x and s w i r l  s t r e n g t h  X 

are shown. 

ponding B v a l u e  f o r  f i g u r e  5 t h e  optimum s u c t i o n  s p e c i f i c  speed, equat ion  

1 3 ,  can be  obta ined .  

v a l u e s  of K .  Note t h a t  a proper  s w i r l  s t r e n g t h  which s tar ts  a t  x = .5  

e s s e n t i a l l y  doubles  s u c t i o n  s p e c i f i c  speeds.  R e c a l l i n g  t h a t  t h e  idea l  

i n c r e a s e  i n  main pump speed is  r e l a t e d  t o  t h e  i n c r e a s e  i n  boost  s t a g e  

s u c t i o n  s p e c i f i c  speed i t  i s  clear t h a t  worthwhile main pump speed improve- 

ments should r e s u l t  from j e t  induced s w i r l  i n  t h e  i n l e t  t o  boost  s t a g e s .  

A t  t h i s  p o i n t  i t  i s  a p p r o p r i a t e  t o  cons ider  t h e  best swirl v e l o c i t y  

I n  o t h e r  words f o r  a given b lade  

Using t h e s e  v a l u e s  of A and x and f o r  a given x t h e  cor res -  

This  r e s u l t  is  shown i n  f i g u r e  8 a g a i n  f o r  v a r i o u s  

d i s t r i b u t i o n  between x r  and r . That i s ,  i n s t e a d  of merely matching t h e  

end p o i n t s  as i s  t h e  case w i t h  a l i n e a r  d i s t r i b u t i o n  t h e  .optimum p a t t e r n  

0 0 

g i v i n g  V as  f(r) should be obta ined .  e 
I f  t h e  swirl p a t t e r n  i s  p r o p e r l y  matched a t  a l l  r a d i i  beyond xr then 

0 v 2  
) and a t h e  d i f f e r e n c e  between t h e  s t a t i c  head i n  t h e  i n l e t  l i n e  (H - - s v  2g 

t h e  p r e s s u r e  i n s i d e  t h e  b l a d e s ,  o r  t h e  e x t e n t  of c a v i t a t i o n  when p r e s e n t ,  

w i l l  be  t h e  same a t  any r a d i u s  g r e a t e r  than x ro .  That i s  

. . . .  1 7  

where 11 

r e p r e s e n t i n g  citlier a head d i f f e r e n c e  o r  an i n d i c a t i o n  o f  t h e  e x t e n t  of 

i s  the head due t o  t h e  swirl a t  any r a d i u s  r .  C a l l  t h i s  qtinnti ty 
S w 

c a v i t a t i o n ,  wlien i t  i s  present:, A H , .  

f o r  any r ,  

Then, usin,? equat ion  7 i n  a form 
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but U r : I U t  
ri 

L 
Dividing both sides by ut will result in an equation in terms of 

AP where 
velocity. 

is a local value insofar as 2/6 is a local tangential 
ut 

- Q H B  v,“ 1 + ~ k -  At)‘ -- hsu 
u: t ?  29 u: =Kp ;2- 

If 4HDi.s to be held constant between xr and r then its derivative 
0 0 

with respect ‘to r will be zero in this region. Differentiating then gives 

and after substitution there is obtained 

or 

. . .  19 

The second and third terms can be combined and the fourth term 

contracted to give 

. . .  20 

. . .  18 
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The s o l u t i o n  of t h i s  equat ion  i s  a t r anscenden ta l  r e l a t i o n s h i p  be- 

tween r and A .  The r e s u l t s  f o r  t h r e e  va lues  of K are shown i n  f i g u r e  9 

where t h e  s w i r l  a t  t h e  b l ade  t i p  i s  p l o t t e d  a g a i n s t  s w i r l  s t a r t i n g  p o i n t  

x. A comparison of  f i g u r e  9 wi th  7 shows t h a t  t h e  optimum matched p a t t e r n  

does n o t  posses  t h e  peaking c h a r a c t e r i s t i c  f o r  t h e  t i p  s w i r l  s t r e n g t h  

obta ined  i n  t h e  earlier development. I n  a d d i t i o n ,  t h e  maximum va lues  

are somewhat less than  those  obta ined  f o r  t h e  l i n e a r  case .  I n  f i g u r e  10,  

f o r  K = .05, t h e  s w i r l i n g  v e l o c i t y  component d i s t r i b u t i o n  f o r  several 

s t a r t i n g  p o i n t s  i s  shown. -.Ffgure 11 compares t h e  optimum matched s w i r l  

p a t t e r n  wi th  t h e  assumed l i n e a r  d i s t r i b u t i o n  used earlier.  A t  r = xro,  

A, i s  zero  and equat ion  19 then  g ives  

dhP (; - x ) = O  
Not ice  t h a t  t h i s  r e q u i r e s  a s t e e p e r  s w i r l  v e l o c i t y  g r a d i e n t  a t  t h e  s w i r l  

s t a r t i n g  p o i n t  than wi th  a l i n e a r  d i s t r i b u t i o n .  Accordingly s w i r l  v e l o c i t i e s  

w i l l  be  h ighe r  a t  t h e  i n n e r  end of t h e  s w i r l  r eg ion  and a g r e a t e r  r a d i a l  5 
p r e s s u r e  r ise r e s u l t s .  This i n  t u r n  r e s u l t s  i n  t h e  somewhat lower t i p  

s w i r l i n g  requirements .  

One p o s s i b l e  method of ob ta in ing  s w i r l i n g  i n l e t  f lows may be  t o  

i n j e c t  an anulus  of s w i r l i n g  flow through a r i n g  nozz le  arrangement as 

shown i n  f i g u r e  10. The relative s i z e  and p o s i t i o n  of t h e  r i n g  ahead of 

t h e  inducer  should provide some f l e x i b i l i t y  w i th  r e s p e c t  t o  ob ta in ing  an 

approximation of t h e  b e s t  s w i r l  p a t t e r n  a t  t h e  inducer  b l ade  edges. 

The j e t  momentum requirements  w i l l  now be  considered.  Using t h e  

symbols shown 

from t h e  r i n g  

i n  f i g u r e  12 t h e  angular  momentum f l u x  e n t e r i n g  t h e  f low 

nozz le  i s  g iven  by 

. . .  22 
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where V. 

coming from a r e l a t i v e l y  t h i n  annulus  of width t and mean r a d i u s  r 

i s  t h e  j e t  a x i a l  v e l o c i t y ,  V i s  j e t  t a n g e n t i a l  v e l o c i t y  
zj ti 

3 '  
A t  t h e  inducer  i n l e t  plane a l i n e a r  s w i r l  v e l o c i t y  w i l l  aga in  be 

assumed inc reas ing  from ze ro  a t  x r  t o  V a t  r . 
0 8 0 

The angular  momentum f l u x  f o r  a d i f f e r e n t i a l  e lement ,  d r y  i n  t h e  

s w i r l  p a t t e r n  i s  given by 

s u b s t i t u t i n g  v from equat ion  2 g ives  
8 

. . . .  23 

. . . .  24 

where V i s  t h e  a x i a l  v e l o c i t y  of t h e  mixed flow o r  V . For s i m p l i c i t y  

t h e  axial  component v e l o c i t i e s  of both j e t  and main f low w i l l  be  assumed 

equal .  

zm a 

I n  r e a l i t y  t h e  j e t  a x i a l  should b e  somewhat h ighe r  t o  resist 

backf low. 

I n t e h a t i n g  between xr  and r g ives  
0 0 

t h e  s w i r l i n g  mixed flow. 

t h e  t o t a l  angu la r  momentum of 

. . . .  25 

Equating t h i s  angular  momentum wi th  t h a t  of t h e  annular  j e t  be fo re  t h e  

mixing process  a n  express ion  f o r  t h e  r equ i r ed  j e t  v e l o c i t y  f o r  a g iven  
- - . .  . - -  , 

V, (or  conversely X i f  Ut i s  known) is  obtained 

c ve; - 
However 

where Q 

inducer .  With these  s u b s t i t u t i o n s  

i s  t h e  j e t  flow rate and Q is t h e  t o t a l  flow e n t e r i n g  t h e  
j 
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. . . 2 7  

Appl ica t ion  and t h e  p r e s e n t a t i o n  of a s p e c i f i c  example u t i l i z i n g  

t h e  above descr ibed  technique is  d i f f i c u l t ,  wi thout  a s p e c i f i c  a p p l i c a t i o n  

i n  mind. Q u a l i t a t i v e l y  however, one p o s s i b l e  a p p l i c a t i o n  t h a t  seems 

apparent  i s  i n  conjunct ion  wi th  a convent ional  c e n t r i f u g a l  pump o r  t h e  

vapor  core  pump. 

des ign  flow, t h a t  is  i n  t h e  non vapor cored mode, s u c t i o n  heads i n  excess  

of 200 f t  are necessary i n  o r d e r  t o  o b t a i n  speeds above 20,000 rpm and 

wi th  flow rates from 200 t o  400 g a l l o n s  p e r  minute. The inc reased  heads 

developed wh i l e  applying i n l e t  s w i r l  t o  boos t  s t a g e s  may make t h e  use  of 

two s t a g e s  of mechanical boos t  unnecessary.  Addi t iona l ly ,  t h e  appl ica-  

With a r e g u l a r  pump o r  t h e  vapor core  pump running a t  

t i o n  of j e t  induced p reswi r l ,  as developed i n  r e f e r e n c e  ( 3 ) ,  t o  s i t u a t i o n s  

involv ing  v a r i a b l e  flow rates makes i ts  use  i n  combination wi th  c e n t r i -  

f u g a l  vapor c o r e  main pumps seem l o g i c a l .  

c u r r e n t  pump manufacturers  seem t o  f e e l  is a maximum ob ta inab le  speed 

by c e n t r i f u g a l  pumps. The one common denominator seems t o  be  t h a t  

c a v i t a t i o n  i s  re spons ib l e  i n  some way as t h e  l i m i t i n g  phenomenon. 

There i s  a wide range i n  what 

Cer t a in ly  inc reased  NPSH without  t h e  mechanical problems a s s o c i a t e d  wi th  

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

A s  a n  a i d  t o  sens ing  re la t ive  magnitudes of t h e  q u a n t i t i e s  involved 

t h e  fo l lowing  example is  given.  

and a speed of 11,000 rpm w i l l  be  assumed t o  have a b l ade  c a v i t a t i o n  

c o e f f i c i e n t  K of ,025. It is d e s i r e d  t o  apply i n l e t  s w i r l  and t o  raise 

t h e  s u c t i o n  s p e c i f i c  speed, i n  theory,  by a f a c t o r  of two. This  w i l l  be  

done by inc reas ing  t h e  flow by 25% and us ing  t h i s  excess  flow as nozz le  

flow t o  t h e  s w i r l  genera t ing  r eg ion  ahead of t h e  inducer .  

An inducer  w i th  a flow rate of 100 gpm 

L e t  primed 
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q u a n t i t i e s  r e p r e s e n t  cond i t ions  wi th  s w i r l  and unprimed q u a n t i t i e s  t h e  

o r i g i n a l  c o n d i t i o n s .  With no change i n  NPSH and s '  = 2(s )  t h e  fo l lowing  

equa t ion  g ives  t h e  new speed 

The optimum diameter ,  assuming s w i r l  i n  t o  x = .5 and X = .17 as 

found from f i g u r e  7 and which i s  necessary  f o r  s ' / s  = 2 g ives  an  optimum 

diameter  of ,185 f e e t  o r  s l i g h t l y  under 2 . 2 5  inches .  

i s  193 f p s  and t h e  r equ i r ed  s w i r l i n g  flow a t  t h e  t i p s  has  a v e l o c i t y  of 

33 f p s .  

r equ i r ed  j e t  v e l o c i t y  bu t  i f  t h e  r i n g  i s  assumed halfway between x r  and 

r 

is  s l i g h t l y  less than  j e t  v e l o c i t i e s  used i n  t h e  s w i r l i n g  j e t  induced f low 

descr ibed  i n  reference(3).  

The b lade  t i p  speed 

The diameter  of t h e  j e t  r i n g  w i l l  n a t u r a l l y  in f luence  t h e  

0 

o r  a t  .75ro an  i n i t i a l  j e t  v e l o c i t y  of about 75 f p s  i s  r equ i r ed .  This  
0 

I d e a l l y  a j e t  v e l o c i t y  of 75 f p s  can b e  

developed by a p res su re  drop of about 90 f e e t  thus  t h e  range of boos t  

s t a g e  p re s su re  being sought t o  provide main pump i n l e t  p r e s s u r i z a t i o n  

f o r  h igh  speed ope ra t ion  should b e  about  r i g h t  f o r  b leed  o f f  t o  o b t a i n  

j e t  v e l o c i t i i e s  of t h i s  approximate magnitude. Note t h a t  t h i s  mod i f i ca t ion  

doubles  t h e  s u c t i o n  s p e c i f i c  speed of t h e  boos t  s t a g e  'and i n  t h e  l i m i t  

would double  t h e  speed of any fo l lowing  c e n t r i f u g a l  pump. Admittedly,  

depa r tu re s  from such i d e a l i z e d  t h e o r e t i c a l  p r e d i c t i o n s  are t o  be ex- 

pected bu t  i f  f u r t h e r  development s u b s t a n t i a t e s  t h e  t h e o r e t i c a l  con- 

s i d e r a t i o n s  presented  h e r e ,  a p p l i c a t i o n  of je t - induced p r e s w i r l  w i l l  

prove u s e f u l  i n  some form over a range  of low i n l e t  NPSH. 

The f l u i d  mechanics problem involved i n  t h e  flow mixing which t akes  

p l a c e  between t h e  s w i r l i n g  j e t  and t h e  a x i a l  f u e l  f low i s  h igh ly  complex. 
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The flow is  tu rbu len t  and an a n a l y t i c a l  s o l u t i o n  d e s c r i b i n g  t h e  kine-  

matics of t h e  mixing process would r e q u i r e  a s o l u t i o n  of t h e  Navier 

Stokes equat ions  wi th  t u r b u l e n t  o r  Reynolds stresses included.  

of t h e  complexity of t h e  problem i t  would seem t h a t  an  experimental  

i n v e s t i g a t i o n  i n  t h i s  area w i l l  be  requi red  i n  o rde r  t o  most e f f e c t i v e l y  

s tudy  t h e  n a t u r e  of t h e  mixing process .  Wong's paper (3) is  one t h a t  

d e s c r i b e s  t h e  r e s u l t  of some e f f o r t  i n  t h i s  area, and i t  has v i r t u a l l y  

no a n a l y t i c a l  t r ea tmen t .  It i s  e s s e n t i a l l y  l i m i t e d  t o  t h e  p r e s e n t a t i o n  

of r e s u l t s  of some experimental  s t u d i e s  wh i l e  acknowledging t h e  d i f f i -  

c u l t i e s  involved i n  a n a l y t i c a l l y  a t tempt ing  t o  d e s c r i b e  t h e  mixing flow. 

Because 
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Cavi t a t ion  and I n l e t  Swi r l  

One problem t h a t  does no t  l end  i t s e l f  t o  a t h e o r e t i c a l  s o l u t i o n  

because of t he  inhe ren t  complexity and number of unknowns i s  t h a t  of 

necessary  l e v e l s  of NPSH upstream of t h e  s w i r l i n g  j e t  i n j e c t i o n  po in t .  

Mixing must occur  without  c r e a t i n g  unacceptable  levels of c a v i t a t i o n  i n  

t h e  i n l e t  flow caused by t h e  mixing turbulence .  Because of t h e  r a d i a l  

p r e s s u r e  f i e l d  s e t  up i n  t h e  s w i r l i n g  mixture  t h e  tendency t o  cavitate 

should be less than  i n  l i n e a r  j e t  pump mixing. 

conducted by Wong e t .  a l .  (3)  d i d  no t  g i v e  a t t e n t i o n  t o  t h i s  po in t .  I n  

The s tudy  of p r e s w i r l  

f a c t ,  a s tudy  g iv ing  any ducted j e t  pump c a v i t a t i o n  incep t ion  parameter 

could n o t  be  found i n  the  l i t e r a t u r e .  There are some s t u d i e s  ( 6 ) ,  (7), 

( 8 ) ,  (9) t h a t  cons ider  a head breakdown parameter f o r  l i n e a r  j e t  pumps 

b u t  t h a t  s i t u a t i o n  i s  c l o s e l y  r e l a t e d  t o  choking two phase flow i n  t h e  

secondary o r  pumped flow i n l e t  t o  t h e  mixing zone and a s i t u a t i o n  c l o s e l y  

p a r a l l e l i n g  t h a t  does not  e x i s t  i n  t he  arrangement of t h e  s w i r l i n g  j e t .  

Rouse, ( 6 ) ,  d id  an  incep t ion  parameter s tudy  f o r  a j e t  i s s u i n g  i n t o  an 

open f i l l e d  tank. Comparison of h i s  r e s u l t s  w i t h  photographic  records  

i n  r e f e r e n c e  (7)  would sugges t  a t  least q u a l i t a t i v e l y  t h a t  c a v i t a t i o n  

i n c e p t i o n  does n o t  occur  n e a r l y  as r e a d i l y  i n  ducted as i n  f r e e  je ts .  

A s  i n  t h e  p a s t ,  w i t h  o t h e r  j e t  forms a c a r e f u l  experimental  program 

would be r equ i r ed  t o  develop r e l i a b l e  p r e d i c t i o n  parameters  f o r  r o t a t i n g  
-. 

flows. 

Ordinary c a v i t a t i o n  i s  a real problem f o r  tank  mounted boos t  pumps, 

and o t h e r  des ign  c r i t e r i a  are used i n  p l a c e  of s u c t i o n  s p e c i f i c  speed. 

These involve  l i m i t i n g  va lues  of b lade  t i p  speed based upon b lade  ang le s  

and f l u i d  thermodynamic p r o p e r t i e s .  Because of t h e  u n c e r t a i n t i e s  su r -  

rounding s w i r l i n g  je ts  and t h e  r e s u l t i n g  development o r  suppress ion  of 

c a v i t a t i o n  be fo re  a c t u a l  pump i n l e t s  a t  very  low and zero NPSH t he  ques- 
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tion remains i f  t h i s  concept can be appl ied  t o  tank boos t  pumps. 

Se r ious  experimental  i n v e s t i g a t i o n  will be necessary  t o  answer t h i s  q,ues- 

t i o n .  Such experimentat ion may show p o s s i b l e  a p p l i c a t i o n  of t h e  technique 

t o  a c a v i t a t i o n  s e p a r a t i o n  dev ice  where a c l e a r  l i q u i d  f l o w  with  a small 

s ta tZc head could be d e l i v e r e d  through p o r t s  o r  a v o l u t e  c o l l e c t i n g  r i n g  

around t h e  o u t s i d e  of t h e  mixing r eg ion  wh i l e  vaDor and any evolved passes 

are vented  out  a long t h e  a x i s .  

t o  a s i n g l e  boos t  s t a g e  upstream of a main c e n t r i f u g a l  o r  vapor  c o r e  

pump. A s i n g l e  boost  s t a g e  i n  t h i s  contex t  may r e q u i r e  i n l e t  s w i r l  t o  

i n c r e a s e  i t s  head gene ra t ing  capac i ty  t o  meet main s t a g e  NPSH r e q u i r e -  

ments and/or  make i t  b e t t e r  s u i t e d  t o  handl ing o f f  des ign  f low rates. 

I f  convent iona l  tank  boos t  pump p r a c t i c e  i s  adhered t o ,  a second 

The l i q u i d  f low would then  serve a s  i n l e t  

boos t  s t a g e  would be r equ i r ed  be fo re  a main c e n t r i f u g a l  pump. 

c a t i o n  of i n l e t  s w i r l  t o  t h i s  second boos t  s t a g e  would a l low u s e  o f  

h ighe r  speeds on t h i s  as w e l l  as fo l lowing  main s t a g e s  and/or  a means 

of decreas ing  r e c i r c u l a t e d  excess  f u e l  f low a t  t h e  second s t a g e  by 

improving c a v i t a t i o n  r e s i s t a n c e  a t  o f f  des ign  flow rates .  

The a p p l i -  



Addi t iona l  Methods and Concepts 

Linear  Jet Pump 

When cons ider ing  va r ious  methods of us ing  j e t s  of high energy flow t o  

achieve  increased  boos t  c a p a b i l i t y  o r  h igh  pump speed t h e  l i n e a r  j e t  pump 

cannot be  overlooked. The l i n e a r  j e t  pump has  been used as a boos t  s t a g e  

i n  some small a i r c r a f t  where low flow rates and some p o s i t i v e  NPSH i n  t h e  

f u e l  tanks  w i l l  a l low i t s  use.  The b a s i c  problem which develops as NPSH 

i n  t h e  secondary o r  pumped flow becomes too  s m a l l  i s  t h a t  of choking i n  

t h e  secondary t h r o a t  passage. The s o n i c  v e l o c i t i e s  i n  two phase mixtures ,  

l i k e  a c a v i t a t i n g  flow, can become very  low w i t h  only  small amounts of 

vapor p r e s e n t . ,  With decreas ing  secondary NPSH t h e  f low w i l l  cavitate 

f i r s t  i n  t h e  mixing s e c t i o n  of t h e  pump, b u t  as NPSH goes down t h e  two 

phase reg ion  progresses  back t o  t h e  pump t h r o a t  where choking l i m i t s  t h e  

maximum secondary flow rate t o  va lues  below t h e  d e s i r e d  flow rate of t h e  

pump. This  of course e l imina te s  t h e  a p p l i c a t i o n  of t h e  l i n e a r  j e t  pump 

as a tank  boos t  s t a g e  when NPSH has v i r t u a l l y  disappeared under h igh  a l t i -  

tude  cond i t ions .  One o t h e r  f a c t o r  which l i m i t s  t h e  use  of l i n e a r  j e t  

\ pumps i s  concerned wi th  space requirements .  I n  o r d e r  t o  o b t a i n  mixing and 

d i f f u s i o n  wi th  proper  head recovery a l eng th  of from f i v e  t o  t e n  p ipe  

d iameters  i s  o f t e n  necessary.  This  is p r o h i b i t i v e  i n  some a p p l i c a t i o n s .  
I:.. u.- 

Another c h a r a c t e r i s t i c  of t h e  l i n e a r  j e t  pump i s  t h e  h i g h  r a t i o  of 

j e t  flow t o  pumped flow requ i r ed  f o r  even modest e f f i c i e n c i e s  and flow 

rates from very  low NPSH. This r a t i o  is  on t h e  o r d e r  of one t o  one f o r  a 

t y p i c a l  a p p l i c a t i o n  t o  a low pump flow rate (8 gpm) and p res su re  r ise  

(18 p s i ) .  When cons ider ing  flow rates i n  t h e  hundreds of g a l l o n s  p e r  

minute range t h e  d e s i r a b i l i t y  of a l t e r n a t i v e  s o l u t i o n s  i s  c l e a r l y  ev iden t .  

With a system where a low NPSH boost  s t a g e  is  used immediately ahead 

of a main h igh  p res su re  pump t h e  p o s s i b i l i t y  of us ing  a l i n e a r  j e t  pump 
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t o  r a i se  t h e  boos t  i n l e t  head should be considered.  This  is  e s s e n t i a l l y  

t h e  same approach suggested be fo re  us ing  j e t  induced s w i r l i n g  i n l e t  f low. 

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

i s  r a i s e d  uniformly throughout t h e  e n t i r e  i n l e t  r eg ion  and t h e r e  i s  no 

s w i r l  component t o  reduce f l u i d  re la t ive v e l o c i t i e s  w i th  r e spec t  t o  

t h e  i m p e l l e r  o r  inducer  b lades .  Severa l  t r i a l  c a l c u l a t i o n s  showed t h a t  

' s imi la r ' amounts  of j e t  - f low from the-same h igh -p res su re  source  we're on ly  

capable  of accomplishing approximately h a l f  of t h e  improvement o b t a i n a b l e  

wi th  s w i r l i n g  jets.  This  may be  due t o  t h e  f a c t  t h a t  i n  t h e  s w i r l i n g  

flow case t h e  j e t  energy i s  d i s t r i b u t e d  s p a t i a l l y  where i t  is  needed 

and n o t  wasted a long  t h e  c e n t e r  of t h e  i n l e t  f low where i t  is  of no 

va lue .  The l i n e a r  j e t  does no t  l end  i t s e l f  t o  such a selective d i s t r i -  
. t  

b u t i o n  of i t s  energy. 

Pumping from Low NPSH Using Shear Force Impe l l e r s  

Some development has  been done ( l l ) ,  (12) on t h e  concept of u s ing  

v i scous  shear f o r c e s  i n s t e a d  of b lades  i n  pump impe l l e r s .  The appearance 

of such impe l l e r s  resembles a s t a c k  of c l o s e l y  spaced metal d i s k s  o r  

washers.  F l u i d  e n t e r s  a x i a l l y  i n t o  t h e  c e n t e r  h o l e  o r  impe l l e r  eye and 

flows outward between the  d i s k s  t o  t h e  d i f f u s i n g  s e c t i o n  of the housing 

surrounding t h e  o u t e r  r a d i u s  of t h e  impe l l e r .  

t h e  d i s k s  v i scous  shea r  f o r c e s  g ive  the  f l u i d  a t a n g e n t i a l  motion i n  t h e  

A s  t h e  f l u i d  passes  between 

d i r e c t i o n  of impe l l e r  r o t a t i o n  and a head is  developed much as i n  a 

r a d i a l  flow pump. The d i f f e r e n c e  l i e s  i n  t h e  f a c t  t h a t  t a n g e n t i a l  velo-  

c i t i e s  are obta ined  by shea r  r a t h e r  than  s o l i d  b l ades .  

The i n h e r e n t  c a v i t a t i o n  r e s i s t a n c e  of s h e a r  f o r c e  pumps i s  p r imar i ly  

due t o  t h e  absence of t h e  low p res su re  zones p re sen t  on t h e  a i r f o i l  l i f t i n g  

s u r f a c e s  of t r a d i t i o n a l l y  designed pump b lad ing .  This  means t h a t  a shea r  

f o r c e  pump i s  capable  of func t ion ing  a t  very  low, though f i n i t e  n e t  posi-  
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t ive  s u c t i o n  head. 

from t h e  f a c t  t h a t  as zero  NPSH is approached t h e  shea r  f o r c e  pumps t h a t  

have been b u i l t  and t e s t e d ,  as r epor t ed  i n  t h e  l i t e r a t u r e ,  tended t o  

accumulate gas  o r  vapor bubbles  between t h e  r o t a t i n g  d i s k s  i n  t h e  i n l e t  

r eg ion  and d i d  n o t  pass  them through t o  t h e  o u t l e t .  A t  f i r s t  t h i s  would 

seem t o  r u l e  ou t  t h e  use  of t h i s  type  of pump e s p e c i a l l y  i n  a i r c r a f t  a p p l i -  

c a t i o n s  where a d e f i n i t e  evo lu t ion  of d i s so lved  gases  must be  recognized 

as a p o s s i b l e  i n l e t  f low cond i t ion .  

mention of t h i s  f a i l u r e  mode i n  t h e  a v a i l a b l e  informat ion  on t h i s  pump, 

some f u r t h e r  e x p l o r a t i o n  of i t s  p o t e n t i a l  v a l u e  w a s  f e l t  worthwhile.  

The apparent  n e c e s s i t y  o f  some f i n i t e  NPSH r e s u l t s  

Because t h e r e  w a s  no more than  pass ing  

The bubble t rapping  e f f e c t  is  a c t u a l l y  t h e  r e s u l t  of a n  equ i l ib r ium 

set up a t  some p o i n t  i n  t h e  r o t o r  d i s k  space between t h e  outward drag 

caused by l i q u i d  flowing p a s t  t h e  bubble and t h e  f l u i d  p r e s s u r e  g r a d i e n t  

i n  t h e  r o t o r  which because of buoyancy e f f e c t s  tends t o  f o r c e  t h e  bubble 

inward toward t h e  a x i s .  

p r e s s u r e  g r a d i e n t s  which would b e  ob ta inab le  and s t i l l  keep t h e  bubble  

It would be  h e l p f u l  t o  have some i d e a  of t h e  

moving outward through t h e  r o t o r .  

mining t h e  drag on a bubble w i t h i n  t h e  conf ines  of t h e  r o t o r  package is  

h igh ly  complex w i t h  f l u i d  s u r f a c e  t e n s i o n  i n t e r a c t i o n  wi th  r o t o r  s u r f a c e  

p r o p e r t i e s  be ing  a s i g n i f i c a n t  unknown. No r e l e v a n t  s t u d i e s  wi th  

r e s u l t s  a p p l i c a b l e  t o  t h i s  case could be  found i n  t h e  l i t e r a t u r e  and 

The problem of a n a l y t i c a l l y  d e t e r -  

t h e  i n i t i a t i o n  of a d e t a i l e d  s tudy  was f e l t  beyond t h e  scope of t h i s  

i n v e s t i g a t i o n .  A s  a very  rough o rde r  of magnitude estimate however, 

t h e  p re s su re  g r a d i e n t  a g a i n s t  which a s i n g l e  bubble i n  an  i n f i n i t e  

f l u i d  could be  moved by drag  f o r c e s  of surrounding f l u i d  w a s  c a l c u l a t e d  

as fo l lows .  

The n e t  p re s su re  fo rce  on t h e  bubble is  given by 



and this i s  j u s t  equal  and oppos i t e  t o  t h e  f l u i d  d rag  f o r c e  D a t  e q u i l i -  

brium. The d rag  force was assumed similar t o  t h a t  on a sphere  i n  a f ree  

stream and g iven  by 

where CD i s  a drag  c o e f f i c i e n t ,  U i s  t h e  f r e e  stream v e l o c i t y ,  p is  

f l u i d  d e n s i t y  and A i s  t h e  p ro jec t ed  area of the sphe re ,  CoqbinAng t h e s e  

two f o r c e s  i n  a n  equat ion  of equ i l ib r ium and us ing  Gauss 's  theorem on t h e  

s u r f a c e  i n t e g r a l  g i v e s  

The g r a d i e n t  of p i s  i n  t h e  impe l l e r  r a d i a l  d i r e c t i o n  and giyen by 

5!Fl 
d r  * Assuming i t  t o  be cons t an t  i n  t h e  v i c i n i t y  of t h e  bubble g i v e s  

+,&, 

d r  z 
or ,  :using r f o r  bubble r a d i u s  B 

which reduced t o ,  w r i t i n g  * as a head g r a d i e n t  d r  

From numerical  r e s u l t s  g iven  i n  r e fe rences  (11) and (12), f l u i d  

v e l o c i t i e s  roughly f i v e  f e e t  pe r  second appeared a p p r o p r i a t e .  A d i s k  

spac ing  of .015 inches  was assumed. With a hydrocarbon f u e l  t h i s  gave 

bubble Reynolds numbers around 1000 and a corresponding drag  c o e f f i c i e n t ,  ' 

r e f e r e n c e  (13) page 163, of 1.3. The r e s u l t i n g  head g r a d i e n t  is  about  

350 f e e t  per  f o o t  of impe l l e r  r a d i u s .  This  would appear  t o  be too  small 

t~ be u s e f u l  i n  genera t ing  boos t  s t a g e  heads.  The g r a d i e n t  may be l a r g e  

30 
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enough for application to some kind of very low head generating chamber 

or cavitation separation device that could be mounted within a fuel tank, 

This would represent a significant departure from conventional practice 

and experimental development may be required before such a device could 

be reasonably evaluated. 
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Conclusions 

The development of more s o p h i s t i c a t e d  pumping systems w i t h  i n c r e a s i n g l y  

demanding performance c a p a b i l i t i e s  w i l l  be  a slow and ted ious  process .  

c u r r e n t  s t a t e  of t h e  ar t  has  been achieved only through slow and cont inued 

e f f o r t s  by many i n d i v i d u a l s  and o rgan iza t ions .  Improvements w i l l  d o u b t l e s s l y  

be  made b u t  t h e  s ta te  of development of c u r r e n t l y  used methods sugges ts  t h a t  

The 

major improvements w i l l  come only by r e sea rch  i n t o  d i f f e r e n t  techniques  and 

s u b s t a n t i a l  mod i f i ca t ion  of  t r a d i t i o n a l  p r a c t i c e s .  A s tudy  such as t h i s  

can only a t tempt  t o  i d e n t i f y  some promising v a r i a t i o n s  o r  new ideas  and 

t o  g ive  them some eva lua t ion .  

The vapor c o r e  pump ho lds  much promise as a h igh  speed main pump capa- 

b l e  of handling t u r n  down r a t i o s  encountered i n  a i r c r a f t  a p p l i c a t i o n s  and 

s u i t a b l e  f o r  d i r e c t  d r i v e  by h igh  speed e l e c t r i c  motors. The decrease  i n  

power requirements  over  r e c i r c u l a t i o n  of excess flow i s  a s u b s t a n t i a l  bene- 

f i t .  

e s p e c i a l l y  i n  t h e  h ighe r  flow ranges.  

p rocess  today t h a t  has  been discovered dur ing  t h i s  i n v e s t i g a t i o n  t h e  vapor  

The s i z e  and weight requirements  over  t h e  gear  pump are cons ide rab le  

Of any method i n  t h e  developmental  

c o r e  main pump would seem most promising and deserv ing  of  cont inued development. 

High speed c e n t r i f u g a l  pumps whether convent iona l  o r  f u l l  running vapor  

co re  w i l l  r e q u i r e  h igh  NPSH. The combination of j e t  induced p r e s w i r l  used 

i n  conjunct ion w i t h  boos t  impe l l e r s  o r  inducers  is  one way by which addi- 

t i o n a l  heads can be developed by boos t  s t a g e s  i n  a d d i t i o n  t o  provid ing  a 

means of reducing r e c i r c u l a t i o n  flow a t  t u r n  down cond i t ions .  Reduced o r  

o f f  des ign  flow rate handl ing  c a p a b i l i t y  has  been s i g n i f i c a n t l y  improved 

by use  of p r e s w i r l i n g  techniques ,  ( 3 ) .  The va lue  of less r e c i r c u l a t e d  

flow a t  reduced flow rates w i l l  i n c r e a s e  wi th  h ighe r  p re s su re  boos t  s t a g e s .  

F u r t h e r  development of s w i r l i n g  i n l e t  f low both  f o r  reduced flow handl ing  

improvements and g r e a t e r  head development f o r  main pump i n l e t  p ressur iza-  

t i o n  should be  a worthwhile undertaking.  
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