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l a  INTRODUCTION 

1 . 1  Sratement of the Problem 

MuPePbIaded pump inducers are used t o  increase the suetcon s p e q i f i c  

speed o f  c e w ~ r i f u g a l  impe l le rs  f o r  l i q u i d  rocket  engineso Cav i ta t i on  i n  

rocket  pumps i s  ' n  genersl  handled by inducers, which are secondary 

pumps desjgned t o  pass xhe requ i red  f l ow  under c a v i t a t i n g  cond i t ions  and 

produce enough head r l s e  t o  perm% t the pr imary pump t o  operate 

c a v i t a t i o n  f ree ,  T h e i r   ma%^ c h a ~ a c s e r l s t f c s  a re  very h igh  soh Pd%cy 

( r a t i o  o f  the chord length  o f  the blade t o  the blade spacing) and very 

Bow f low c s e f f i c l e n t  ( r a t i o  sf in ler  a x i a l  ve loc iey  t o  blade t i p  speed), 

Whi le t h e i r  s p e c i f i c  geomezry Ss d i c t a t e d  by c a v i t a t i o n  requ%remencs, 

the f l ow  i n s i d e  the long and nakproN passages besween the blades I s  sub- 

j e c t e d  t o  major e f feces  due t o  turbulence and v i s c s s i r y ,  thus making the 

p r e d i c t i o n  o f  the f l o w  behavioue in these inducers very d 9 f f i s u 3 r o  

The Department o f  Aerospace Eng9neerFng o f  The Pennsylvania S ta te  

U n i v e r s i t y  bas conducted I n v e s t i g a t i o n  and ana lys is  o f  the f low f n  pump 

inducers under NASA sponsorship s ince November, 1963= B t has des igned 

and tes ted  I n  a i r  a four-bladed inducer model sf three feer  diameter 

{ re f ,  4 ) "  The inveskigat2on c a r r i e d  our on a tnree-bladed inducer o f  

the same blade p r o f i l e  and f % o ~  e h a r a c t e r % s t l c s  I s  repor ted i n  th i s  

thes is .  

The secondary motions i n  these inducers are no t  conf ined so t h r n  

regions a t  the blades bu t  excend over the e n ~ P r e  cross sec t i on  o f  ahe 

f l o w G  The developmens s f  three dimensional rsabulene bouDdary 'ayers on 

the blade sub*faees combined w i t h  the i n t e r a c t i o n  betwee? t h e  suce:oo and 

pressuve s~sr face:  boundary l a g e r s  makes the f Botni E P I A X )  rnree dHmenqs ionair 



The p r i n c i p a l  o b j e c t i v e  of  t h i s  t hes i s  I s  t o  o b t a i n  a q u a n t i t a t i v e  

measurement o f  these secondary motions. I t  i s  hoped t h a t  a q u a n t i t a t i v e  

understanding of these secondary f lows can serve the establ ishment o f  a 

thes re t  i c a l  model f o r  the eventual ana lys is  o f  the turbomachinery f l ow  

dominated by secondary f l u i d  motions caused by v i s c o s i t y  and turbulence.  

I n  a d d i t i o n ,  attempts are  made t o  e s t a b l i s h  the  th ree  dimensional 

i n v i s c i d  f lm through such inducers. Hence the  purpose o f  t h i s  t hes i s  

has been : 

1) t o  develop a measuring technique us ing ho t -w i re  probes t o  

o b t a i n  the blade t o  blade v a r i a t i o n  o f  the th ree  components o f  the 

v e l o c i t y  and turbulence a t  the th ree  bladed inducer e x i t .  

2)  t o  p r e d i c t  the th ree  dimensional i n v i s c i d  f low i n  the inducer 

s o l v i n g  numer ica l l y  the exact equat ions o f  motion. 

3) t o  approximately p r e d i c t  the f l ow  a t  inducer e x i t  us ing r a d i a l  

e q u i l i b r i u m  and an emp i r i ca l  expression f o r  the viscous losses. 

4) t o  i nves t i ga te  the a x i a l  f low v e l o c i t y  p e r t u r b a t i o n  due t o  

r a d i a l l y  vary ing  blade blockage. 

5 )  t o  ca r r y  ou t  a complete f l ow  survey us ing s t a t i o n a r y  probe a t  

the  e x i t  o f  the inducer and a r o t a t i n g  probe i ns ide  the b lade passage o f  

the three-b laded inducer.  

6 )  t o  v i s u a l i z e  the f l ow  using ammonia s t reak  technique and a t u f t  

g r i d  t o  de r i ve  respec t i ve l y  the l i m i t i n g  s t reaml ine  angles on the blade 

surfaces and the maximum r a d i a l  inward f l ow  a t  mid passage f o r  the 

three-bladed inducer.  

The performance o f  the three-bladed inducer i s  discussed thoroughly 

and compared w i  t h  the performance o f  the four-b laded inducer prev ious l y  

s tud ied  i n  t h i s  department. 



% , 2  Previous Relaeed Work 

A survey o f  the exlsePng l i t e r a t u r e  on a x i a l  f low it?ducers r e ~ e a i s  

very R Pztle cheorer lca l  ana lys is  f o r  the p r e d i c t i o n  of  the Ehree 

dimensional f low cka rae re~Pss8cs~  Although  his p a r r l c u l a r  case i s  

r e l a t e d  t o  t h e  rhree dimensional f l ow  problems o f  turbomachinery i n  

general, rhe presence 06 l a rge  secondary f Pods caused by th ree  

dlmensiona8 boundary layers makes Be essen t j a l  t o  inc lude the vBseous 

e f f e c t s  i n  the solaelon of the f l o ~  f i e l d ,  Because sf  the lack  o f  

accurate P nfarmatf  on concern % ng the rea l  flow processes and the 

complexity o f  the v i s c i d  equat ions o f  motion governing thBs f low,  very 

l i t t l e  progress has been made toward a meanl~qgful s o l u t i o n  o f  the f l ow  

f i e l d ,  FOP the above reasons, most o f  the design and ana lys is  o f  the 

inducer f l u i d  Plow i s  based on convent ional two dimensional methodso 

On the  assumptPon o f  a f u l l y  developed ~ u r b u l e n t  f low along w i t h  

assumed v e l o c i t y  p r o f i l e s  i n  both r a d i a l  and mainstream d i r e c t i o n s  o f  

the channel and an e m p i r i c a l l y  determined s k i n  f r i c t i o n  loss c o e f f i c i e n t ,  

an approximate s o l u t i o n  us ing the s i m p l i f i e d  r a d i a l  equ;lBbrEum equat ion 

i n  an i n teg ra ted  form has been obta ined f o r  a four-bladed inducer En 

reference 4 . This ana lys is  leads t o  a good prediction o f  the o u t l e t  

absolute tangen t ia l  v e l o c i t y ,  However, due t o  the lack o f  aecuraxe 

ln fo rmat ion  concerning the r a d i a l  v e l o c i t y  p r o f i l e s  i ns ide  the blade 

passages, the a x i a l  veFocBtFes are pred iered on ly  q u a i l t a z 9 v e % y o  A 

f D r s t  s tep coward rhe study o f  the th ree  dimens iona l  boundary l aye r  i n  

such a channel Is c a r r i e d  ou t  by A, Jabbarl  ( reference 3 1 ,  who Pnvest i-  

gated the growrh o f  the boundary l aye r  on a s i n g l e  h e l i c a i  blade of 

constanr thickness ro tas ing  ac the same speed as rhe B%dueer, A l o g i c a l  

extension o f  thPs SnveskPgation t o  srudy the boundah-y layee grodrh i n  a 



r o t a t i n g  channel t o  be undertaken by thBs department should lead ro some 

valuable in fo rmat ion  f o r  an exact p r e d i c t i o n  o f  the f low,  

An artempt to pced;ct the e x i t  head r i s e  and Plow c o e f f i c i e n t  for 

an 80' he1 i c a l  inducer by takOng Pnco accouns the Bosses has been made 

by J ,  C ,  Montgomery ( reference l l ) o  Phis author  uses the s i m p l i f i e d  

r a d i a l  equl 1 l b r ium equat ion together  w i t h  an arb!  t r a r y  expression f o r  the 

Bosses t o  p r e d i c t  rhe e x i t  f l o w  eha rae te r i s t l cs ,  Although h i s  ana lys i s  

p r e d i c t s  the la rge  axPal vePscPry grad ien t  i n  the radial d i r e c t i o n  a t  

e x i t ,  the procedure of  t r y i n g  a r b i t r a r y  loss dPstrPbut lons t o  ob ta in  the 

des i red  s o l u t i o n  f o r  the e x i t  f l ow  c o e f f i c i e n t  lacks the phys ica l  support,  

I t  does no t  p rov ide  any s p e c i f i c  method o f  r e l a t i n g  the loss dEstr8bucion 

eo a g iven geometr ical  and f l ow  c h a r a c r e r l s t l c  o f  the machine, 

Among the attempts made toward a general s o l u t i o n  o f  the equations 

governing the f low,  the main c o n t r l b u t % o n  is due t o  P o  Cooper and H, 

Bosch ( r e f .  2 ) ,  Using a numerical procedure, these authors solved the 

equations o f  motion i t e r a t i v e l y  Pn three dimensions f o r  an exact  s o l u t i o n  

o f  the f l ow  f i e l d ,  This ana lys is ,  h o ~ e v e r ,  has I t s  IPmHtacions and i t  is 

proposed t o  t r e a t  I t  i n  more d e t a i l  i n  a f o l l o w i n g  sec t loo ,  

On the  experimental aspects o f  the f low,  several authors have 

s tud ied  the o v e r a l l  'inducer performance w i t h  d i f f e r e n t  c o n f % g u ~ a t % o n s  and 

i n l e t  angles and tes ted  in var ious f l u i d s  such as water,  l i q u i d  hydrogen, 

o r  n i  t rogen under a wide range o f  f l ow  parameters (see references 9, $0, 

1 2 4 5 6 ,, However, i n  most eases these s tud ies  are  very 

speci f is and deal w %  t h  cavl  t a t  %on performance and overal  I e f f  %cHencg 

ra the r  than w i t h  a general and bas ic  ' inveselgat isn o f  ehe f low phenomena 

1 n i nducers, The cavi t a t i  ng and non-cavi t a t  i ng perfo,-mance o f  a 84', 

81" and 98' inducer under d i f f e r e n t  f low coef f iekewts has been seudied by 



Acosta ( 1 ) ,  Acosta observes a d e t e r i o r a t i o n  I n  the r a d i a l  d i s ~ r i b u c i o n  

o f  the a x i a l  v e l o c i t y  and head r i s e  a t  e x i t  a t  a  Fled c o e f f i c i e n t  

@ = 0,07 under non-cav l ta t ing  cond i t ion ,  w i t h  a back f lod  near the hub 

and a sharp p o s i t i v e  grad ien t  i n  head r i s e  near the t i p ,  These r e s u l t s  

are s i m i l a r  t o  those obta ined f o r  the three-bladed inducer repor ted  I n  

t h i s  t hes i s ,  Acosoa a t t r i b u t e s  the la rge  departure from design values 

based on the S i m p l i f i e d  Radial  E q u i l i b r i u m  Equation (sRE) t o  s t rong 

three dimensional and viscous e f f e c t s ,  Acosta a l s o  not lees a decrease 

i n  e f f i c i e n c y  a t  la rge  solidity, which i s  conf irmed by the r e s u l t s  

obta ined f o r  the 4 and 3 bladed inducers tes ted  I n  t h i s  departmenta 

This e f f e c t  can be a t t r i b u t e d  t o  the in f luence o f  blade blockage on the 

f low c h a r a c t e r i s t i c s  and an Increase i n  viscous and ru rbu len t  mix ing  

losses due t o  decrease 'in channel w i d t h "  

R, F,  S o l t i s  and D o  A. Anderson ($5) were l e d  t o  s i m i l a r  

0 
conclusions w h i l e  i n v e s t i g a t i n g  the non-cav i ta t ing  performance o f  a 78 

a x i a l  Inducer under var ious f l ow  c o e f f i c i e n t s ,  Using the s i m p l i f i e d  

r a d i a l  equPlPbrPum equat ion which re la tes  the s t a t i c  head r i s e  grad ien t  

and the tangen t%a l  ve8oc i ty :  ,, 2 

They der ived the o u t l e t  a x i a l  v e l o c i t y  p r o f i i e  us ing  experimental  values 

f o r  the t o t a l  pressure and o u t l e t  f l ow  angleso However, a t  t h e i r  

s t a t i o n  o f  measurement, located about 8 / 5  diameter downstream o f  the  

r o t o r ,  the r a d i a l  ve loc i  t i e s  are l i k e l y  eo be very smaP & and the f l s d  

near l y  a x i s y r n e ~ r i c  s ince  the wake d i f f u s i o n  % n  such inducers i s  very 

rap id ,  

This ana7ys3s serves %Q e s t a b l i s h  tha t  the f l ow  Ps axSsymmetr8c a %  

small a x i a l  distances downstream o f  t r a i l i n g  edge (whgch may co-respond 



t o  l a rge  d is tance along the s t reaml ine  path s ince  the streamlines follow 

tightly wound he1 l c a l  pa th) ,  bu t  cannot account f o r  the ex is tence o f  

la rge  head r i s e  near the t j p ,  S im%$av observat ions are made by P o  4 ,  

Mul lan (g ) ,  P o  R ,  Meng and R ,  D o  Moore (101, 4 ,  C, Montgomery ( I $ ) ,  W, 

M, Osborn (P2I0 R o  F ,  S o l t i s ,  D, C ,  Urasek and M o  J, M i l l e r  (16) c a r r i e d  

an ' invest igat ion I n  tandem bladed inducer operated I n  watero  T h e i r  

r e s u l t s  show an appreciable increase i n  e f f i c i e n c y  and head rDse compared 

t o  convent ional inducers. Contro l  o f  the boundary layer  growth on the 

rear  p a r t  o f  the blades % n  a tandem bladed inducer should improve the 

f l ow  appreci ably  by reduci ng the i n t e r a c t  ion e f f e c t s  between pressure 

and suc t i on  sur face boundary layers,  

The maln cone$ wsions o f  the var ious s tud ies  described above are:  

I )  The o v e r a l l  head r i s e  c o e f f i c i e n t  'increases when the opera t ing  

f l ow  c o e f f i c i e n t  decreases, e s p e c i a l l y  i n  the t i p  region, 

2)  The t o t a l  head r i s e  c o e f f i c i e n t  increases when the s o l i d i t y  o f  

the blades i s  decreased I n  the p r a c t i c a l  range o f  s o l i d i t i e s  used i n  the 

I ndqce rs . 
3) The r a d i a l  d i s t r i b u t i o n  o f  o u t l e t  v e l o c i t y  tends t o  d e t e r i o r a t e  

when the f l ew  c o e f f i c i e n t  i s  decreased, A t  l o w  f l o w  coef f i csents  and f o r  

most inducer conf igura t ions ,  there i s  a la rge  p o s i t i v e  r a d i a l  g rad ien t  in 

e x i t  a x i a l  vePocity w i t h  a backf low near the hub, This backflow i s  pro-  

bably l i nked  t o  a la rge  r e d i s t r i b u t i o n  of  the f l ow  as 5t leaves the 

t r a i l i n g  edge, the  r a d i a l  v e l o c i t y  decaying from presumably la rge  posi -  

t i v e  values i n s i d e  the blade passage t o  zero as the f low becomes 

ax%symmet~Pe du~nstream, However, the r a d i a l  v e l o c i t y  a t  e x i t  o f  



inducers has never been measured p r i o r  t o  t h i s  study An attempt is  

made i n  th ! s  thes is  t o  measure the r a d i a l  v e l o c i t y  us ing a three 

dimensional hot-w8re probe set-up, 

% , 3  Background sf  the Present I n v e s t i g a t i o n  

As s t a t e d  I n  sec t i on  1,2, the Department o f  Aerospace Engineering 

a t  The Pennsylvania Sta te  U n i v e r s i t y  has conducted the i n v e s t i g a t i o n  

o f  the f l ow  i n  a four-bladed pump inducer,  The three-bladed inducer 

repor ted On t h i s  thes is  i s  o f  the same design and I s  described i n  

sec t i on  3 ,  I ,  P o  

The most important observat ions and concluslons obta ined from f o u r  

bladed inducer r e s u l t s  are, ( r e f ,  4 ) :  

1 ,  A t  o r  near design f l ow  c o e f f i c i e n t ,  no back f l ow  was observed a t  

the i n l e t  o f  the Inducer,  A separated region o f  f l ow  e x i s t s  near the 

hub a t  the discharge s ide  o f  the inducer.  This  can be expla ined q u a l i -  

t a t i v e l y  on the basis  o f  simp1 l f i e d  r a d i a l  equi 1 Pbrium equation, when 

app l i ed  t o  the ac tua l  ra the r  than the design head d % s t s l b u t i o n .  How- 

ever the ac tua l  region o f  separat ion i s  much smal l e r  than t h a t  der ived 

by the  condi t i o n  o f  r a d i a l  equi 1 Pbrium, 

The measurements i n d i c a t e  tha t  t h i s  back f l ow  reglon or ig inaxes  on 

the s t a t i o n a r y  hub j u s t  a f t e r  It  has l e f t  the r o t a t i n g  hub, Furthermore, 

t h i s  ex ten t  o f  back f low was observed t o  grow cont inuously  downstream, 

The ex ten t  o f  back f l ow  Oncreases cons8desably a t  the i n l e t  sf t i p  

reg ion  and o u t l e t  hub reg ion  a t  f l ow  e o e f f i e i e n t s  lower than the design 

value, 

2, The f low v i s u a l i z a t i o n  experiments c a r r i e d  ou t  near the exposed 

Seading p a r t  s f  the inducer i n d i c a t e  t h a t  the r a d i a l  motions i n  the 



main f l ow  (no t  under the i n f l uence  o f  blade s k i n  f r i c t i o n )  a re  smal le r  

where as the r a d i a l  motions near the blade surfaces are considerable, 

3 ,  The t e s t  inducer,  designed approximately f o r  uni form head d i s t r i -  

bu t i on  over i t s  discharge area (assuming idea l  f low)  a c t d a l l y  produces 

a nonuniform head, Near the t i p  the ac tua l  head o f  the absolute f l o w  

was found t o  be 2 - 3 times t h a t  a t  hub and mid rad ius ,  This  non-unl- 

form head distribution can be expla ined q u a l i t a t i v e l y  by rea l  f l u i d  

e f f e c t s  and Is i n  agreement w i t h  the observat ions o f  o ther  i nves t i ga to rs ,  

The f l ow  survey c a r r i e d  ou t  a t  the t r a i l i n g  edge and f a r t h e r  down- 

stream Ind i ca te  t h a t  the r a d i a l  d i s t r i b u t i o n  o f  the a x i a l  v e l o c i t y  

component changes considerably between the two s ta t i ons ,  The stag-  

na t i on  pressure a t  the t i p  i s  found t o  decrease cont inuously  as the f low 

t r a v e l s  downstream, whereas i t  remains e s s e n t i a l l y  constant a t  mid 

rad i  us and hub, 

4, Measurement o f  the re lae i ve  f low i n s i d e  the blade passages (obta ined 

wl th  use o f  a r o t a t i n g  probe and pressure t r a n s f e r  device) i n d i c a t e  t h a t  

a major p o r t i o n  o f  the t o t a l  f l ow  losses along the stream path occurs 

near the leading edge. This i s  probably due t o  the presence o f  laminar 

f l ow  on the blades near the PeadPng edge and the consequent l a rge  r a d i a l  

f l ow  and associated mix ing  e f f e c t s  near the t i p ,  The f l ow  Posses a t  the 

t i p  were found t o  be very much h igher  than those a t  o ther  r a d i a l  

%oca t ionso  

5 .  A complete f i ow  survey o f  the r e l a t i v e  f l ow  ins ide  the blade passage 

a t  the t r a i  l i n g  edge revealed the presence o f  a loss core located 

s l l g h t l y  inward from the blade t i p o  The r a d i a l  movement i ns ide  the 

blade boundary l aye r ,  when encountered by the annulus w a i l  sends t o  

d e f l e c t  towards the mid passage and then r a d i a l l y  inward, The mix ing 



e f f e c t s  due t o  these secondary f lows are responsib le f o r  la rge  losses 

observed experimental l y  , The measurements i n d i c a t e  the presence o f  

la rge  loss regions near %he mid passage extending a11 the way from mid 

radius t o  the t i p  region o f  the blades, 

6 ,  The blade boundary layers  were found t o  be q u i t e  t h i n  near the hub 

and mid radius, being t h i c k e r  on suc t i on  sur face than the  pressure 

s u r f  ace, 

The expected r a d i a l  motions w i t h i n  the blade passages have been 

qua1 P t a t i v e l y  conf % rmed by f l ow  v i s u a l i z a t i o n  experiments and appeared 

t o  be q u i t e  s t rong a l l  along the blade length.  

The w a l l  shear s t ress  est imated from the boundary l a y e r  p r o f i l e s  

i n s i d e  the blade passage appeared t o  be much h igher  than t h a t  o f  an 

equ iva len t  stationary channel having the same r e l a t i v e  f low,  

a V  A t  the t r a i l i n g  edge, the r e l a t i v e  v e l o c i t i e s  averaged circum- 

f e r e n t i a l l y  over the passage had a  maximum value near the mid radius, 

FOP a t h i r d  o f  the blade he igh t  from the t i p  the r e l a t i v e  v e l o c i t i e s  

were considerably less than t h e i r  design values, 

The angles o f  the r e l a t i v e  f l ow  downstream of  the t r a i l i n g  edge 

were found t o  be near ly  un i fo rm Pn the cPrcumferentPa% d i r e c t i o n ,  t h e i r  

dev ia t i on  from the design values being greates t  near the t i p o  

8. A new f r i c tPon%oss  c o e f f i c i e n t  app l i cab le  t o  inducers opera t ing  i n  

the range of f l ow  c o e f f i c i e n t s  Q = 0,065 t o  0,2 was def ined and der ived 

from the inducer data avaPlable i n  the open l i t e r a t u r e ,  This empirical 

f r i c t i o n  c o e f f i c i e n t  i s  found t o  Increase exponent ia l l y  towards the 

b lade t i p ,  For the Penn S ta te  fou r  bladed inducer, the r a d i a l  v a r i a t i o n  

o f  f r i c t i o n a l  Bosses est imated from t h i s  newly der ived emp i r i ca l  loss 

c o e f f i c i e n t  agreed c lose l y  w i t h  the measured values, 



9 .  A c ircumferentPalPy averaged r a d i a l  e q u i l i b r i u m  equation was used 

t o  p r e d i c t  the r e l a t  l ve  and absolute tangen t ia l  ve loc l  t i e s ,  The 

ana lys is  was based on s u i t a b l e  assumptions f o r  the r a d i a l  and m a i n f l o ~  

v e l o c i t y  p r o f  P Pes (based on the e x i s t i n g  three dimensPonaP t u r b u l e n t  

boundary Payer data avai I ab le )  , The agreement between the theory and 

experiment was reasonab ly  good. 

$0, The a x i a l  v e l o c i t i e s  pred ic ted ,  us ing the c o n t l n u l t y  and a x i a l  

momentum equations w i t h  assumed r a d i a l  v e l o c i t y  p r o f i l e s  and the 

der ived tangen t ia l  velocPty dPstrPbut ion agreed q u a f i t a t % v e l y  w i t h  the 

values measured from a s t a t i o n a r y  probe, 

1 1 ,  Measurements c a r r i e d  ou t  a t  several  s t a t i o n s  downstream (Ref 5) 

i nd i ca ted  t h a t  the a x i a l  v e l o c i t y  p r o f i l e s  under went marked change 

as the f l ow  proceeded downstream. The back f l ow  region near the hub 

developed a f t e r  the f l ow  had l e f t  the r o t a t i n g  hub and grew cont inuously  

as the f l ow  proceeded downstream, 

12. Measurement o f  the instantaneous three dimensional v e l o c i t i e s  

c a r r i e d  ou t  us ing  X con f i gu ra t i on  ho t  w i r e  i nd i ca ted  t h a t  che rad%aP 

v e l o c i t i e s  a t  the e x i t  were o f  the same order  o f  magnitude as the a x i a l  

v e l o c i t i e s  over most o f  the r a d i a l  l o c a t i o n s o  

13, The l i m i t i n g  s t reaml ine  angle o f  the f l ow  near the w a l l  measured by 

ammonia s t reak  technique revealed t h a t  these angles are  genera l l y  h igher  

than those measured on a s i n g l e  blade ( reference 3 ) ,  The maxPmum 

dev ia t i on  o f  the  stream1 lnes from the c y l  Pndrical  sur face (outs Pde the 

boundary Payer region) obta ined by means o f  a t u f t  g r i d  mounted a t  the 

e x i t  o f  the inducer showed subs tan t i a l  r a d i a l  inward f l ow  from mid 

radius t o  t i p ,  



14. The blade r s  blade v a r i a t i o n  of  the r e l a t i v e  v e l o c i t y  der ived from 

r o t a t i n g  probe measurements i nd i ca ted  t h a t  i n  a d d i t i o n  t o  convent ional 

boundary layer  type o f  p r o f i l e s  near the blades, a wake t y p e  o f  p r o f i l e  

e x i s t e d  from mid radius t o  t i p ,  A q u a l i t a t i v e  ana lys is  c a r r i e d  ou t  

i nd i ca ted  tha t  the r a d i a l  inward f low a t  mid passage a t  these r a d i i  was 

the cause f o r  the wake type o f  p r o f i  I e .  

The f low measurements f o r  the four  bladed inducer have i nd i ca ted  

t h a t  the channel had a f u l l y  developed f low a t  most o f  the a x i a l  

loca t ions ,  !n reference 4, 8 t was a n t i c i p a t e d  t h a t  a decrease I n  the 

s o l i d i t y  o f  the blades might  improve the performance o f  the inducer by 

reducing the i n t e r a c t i o n  o f  the pressure and suc t i on  sur face blade 

boundary layers  near the t i p ,  This  was accomplished by removing one o f  

the blades o f  the f o u r  bladed inducer and equa l l y  spacing the o thers ,  

thus decreasing the so l  l d i  t y  by twenty- f  %ve percentD 

ThPs thes is  presents the performance o f  the three bladed inducer,  

1 ,4 Methods and Means o f  1 nves t i g a t  ion 

The complexity o f  the f l ow  i n  inducers makes meaningful p red i c t i ons  

extremely d i f f i c u l t .  A f l ow  model such as proposed i n  reference 4 based 

on the assumption o f  f u l l y  developed tu rbu len t  f l ow  and r a d i a l  e q u i l i b -  

r ium leads t o  a good approximation o f  the tangen t ia l  v e l o c i t y  a t  e x i t ,  

bu t  does no t  p r e d i c t  the a x i a l  v e l o c i t y  measured, This i s  due t o  Pack 

o f  accurate in format ion regarding the r a d i a l  v e % o e i t y  d i s t r9buc ion  a t  

e x i t .  ThPs approximate v i s c i d  ana lys is  i s  app l i ed  t o  the case o f  the 

three bladed inducer i n  sec t i on  2,3, 

I n  o rder  t o  undersrand the ex ten t  o f  th ree  dimensional e f fec ts ,  9r 

I s  essen t i a l  t o  have a knowledge of the i n v i s c i d  Plow f i e l d  o f  the three 



dimensional f low caused by r a d i a l l y  vary ing  b lade blockage, Plow t u r n i n g ,  

f i n l t e  hub t o  t i p  r a t i o  and o the r  e f f e c t s *  This  i s  accompBOshed by us ing 

an e x i s t i n g  numerical s o l u t i o n  o f  the f l ow  f i e l d  proposed by Cooper and 

Bosch, Th is  three dimensional method employs a numerical procedure t o  

solve the equat ions o f  motion expressed i n  f i n i t e  d i f f e rence  form and 

requi ses the use o f  computers w i t h  l a rge  storage capaei t y  and f a s t  

computation time. This approach i s  discussed i n  sec t i on  2,2, 

i n  o rde r  t o  study the f l ow  pe r tu rba t i ons  due t o  r a d i a l  g rad ien t  o f  

blade blockage, which i s  l a rge  'in the case o f  the Penn Sta te  inducer,  

an ana lys i s  c a r r i e d  out  by Lewis and HorPock i s  used. The p red i c ted  

pe r tu rba t i ons  I n  a x i a l  v e l o c i t y  a re  found t o  be o f  appreciable magnitude, 

The f i n a l  s o l u t i o n  o f  the e n t i r e  f l ow  f i e l d ,  i nc lud ing  viscous 

e f f e c t s ,  can be c a r r i e d  ou t  on ly  by i n t roduc ing  some approximations i n  

the th ree  dimensional t u rbu len t  equations o f  motion governing t h i s  f low,  

Experiment i s  the on ly  source which helps t o  make these approx%mations. 

Hence the f o l l o w i n g  experimental program i s  undertaken, I f  has been 

st ressed t h a t  a good knowledge o f  the  e n t i r e  f l ow  f i e l d  i s  necessary f o r  

the design and p r e d i c t i o n  o f  inducer performanee, Because o f  the th ree  

dimensional character  o f  the f l ow  w i t h i n  the b lade passages, aceurate 

measuring techniques are scarceo i n  t h i s  t hes i s ,  a method us ing a 

c o n f i g u r a t i o n  o f  three ho t  w i r e  sensors i s  developed t o  get  the blade t o  

blade d i s t r i b u t i o n  o f  the three components o f  the v e l o c i t y  a t  e x i t  o f  

the th ree  bladed inducer.  This  technique i s  extended t o  the measurement 

o f  the l o c a l  turbulence i n t e n s i t y  and the method thus provides a good 

means o f  measuring the ex ten t  o f  secondary f l ow  o r  ehe dev ia t i on  from 

the design f l ow  (sec t ion  3 0 3 ) 0  



Finally, conventional experimental techniques such as flow 

visualization and the use of both stationary and rotating pitot tubes 

are used fo r  measurement of the flow inside the blade passage and at 

several stat ions downstream of the inducer (see sections 3.2, 3.4, 3.5). 



2, THEORETICAL ANALYSIS 

An accurate assessment o f  a l l  s i g n i f i c a n t  per tu rba t ions  i n  Pnv isc id  

f l ow  i s  essen t i a l  f o r  the f i n a l  p r e d i c t i o n  of  the f l ow  Inc lud ing  viscous 

e f f e c t s .  An important c o n t r t b u t l o n  towards the three dimensional 

i n v i s c i d  s o l u t i o n  i s  made by Cooper and Bosch ( reference 21, This  

s o l u t i o n  i s  extended f o r  the  Penn S ta te  inducer i n  sec t i on  2.2 t o  

determine the three dimensional i n v i s c i d  per tu rba t ions .  A% though 

blockage i s  inc luded i n  the above numerical method o f  ana lys is ,  the  

s o l u t i o n  reveals l i t t l e  about the per tu rba t ions  i n  mer id ional  f l o w  

caused by var ious sources, The f i n i t e  blade thickness and i t s  

v a r i a t i o n  i n  r a d i a l  d i r e c t i o n  causes s i g n i f i c a n t  f l ow  pe r tu rba t i ons ,  

This  e f f e c t  1s considered i n  sec t i on  2 ,%.  

I n  sec t i on  2.3, an e a r l i e r  ana lys is  based on e m p i r i c a l l y  de ter -  

mined s k i n  f r i c t i o n  c o e f f i c i e n t  i s  used t o  p r e d i c t  t angen t ia l  v e i o c l t i e s  

a t  the e x i t  o f  the three bladed inducer,  

2.1 In f luence o f  Blade Blockage on E x i t  Ve loc i t y  

The a x i a l  v e l o c i t i e s  measured a t  the e x i t  o f  inducers a re  genera l l y  

found t o  be s u b s t a n t i a l l y  d i f f e r e n t  from the design valuesa These 

departures are caused by (a) r a d i a i l y  vary ing blade thickness - the 

blade blockage e f f e c t ,  (b) the r a d i a l  f lows i ns ide  the blade boundary 

layers . 
I n  order  t o  f i n d  ou t  the c o n t r i b u t i o n  o f  the blade blockage e f f e c t  

on a x l a l  v e l o c i t y  dev ia t ions  the f o l l o w i n g  ana lys is  i s  c a r r i e d  ou t ,  

The blockage f a c t o r  I s  de f ined as 



t being the shfckness o f  the blade in the  tangen t ia l  dlreefionp 

n being the number o f  blades, 

r being the Boca? radius,  

which gives f o r  the three bladed 'inducer Q F ~ ~ ,  ( 2 ) ) :  

6 r .800 a t  the hub 

.980 a t  the t l p  

and foe  the f o u r  bladed inducer: 

0730 a t  the hub 

0970 near the t i p  

Such a v a r i a t i o n  o f  blade thickness from hub t o  casing imposes a non- 

uni form blockage upon the mer id ional  f low;  t h i s  should g%ve  r i s e  t o  

s l g n t f i c a t i t  pe r tu rba t i ons  On a x i a l  veBocPty, 

R .  1 . Lewis and 9 ,  H. Horlock ( reference 6 )  have developed an 

analogous source ac tua to r  d i s k  theory accounting f o r  the e f f e c t s  o f  

vary ing  blade thickness, and have po in ted  out  the s i g n i f i c a n t  e f f e c t s  on 

the mer id lonal  f l ow  per tu rbat ions  due t o  blade blockage, Following 

Lewis and HorTock~s theory, per tu rba t ions  due t o  blade thickness a re  

governed by 

dOv grad tp = S ( 2 )  

@ being the sca la r  pe r tu rba t i on  p o t e n t i a l  due t o  source d i s t r i b u t i o n  and 

S the source d i s t r i b u t i o n  represent ing the f i n i t e  blade thickness i n  a 

uni form stream, On the ease o f  known geometry, where an approximate 

express i on  For the blockage f a c t o r  6 ( n ,  r )  can be found, the source 

d i s t r i b u t i o n  s ( z , ~ )  per  unic  volume can be der ived from the equat ion 

given by Lewis and Hor%ock: 



where V Z  i s  the l oca l  undisturbed a x i a l  v e l o c i t y  withour blockage, 

he re in  taken as u n i t y ,  This  expression i s  der ived from eontPnuPty 

considerations between the  blades f o r  the incremental change I n  a x i a l  

ve loc i  t y  7, Knowing the  blockage f a c t o r  6 from the blade geometry, the 
t 

source func t i on  ~ ( z , r )  can be determined, Using t h i s ,  equat ion (2)  can 

then be solved, Lewis and Hor lock 's  expression f o r  a x i a l  v e l o c i t y  

pe r tu rba t i on  ou ts ide  the b lade passage i s  g iven by; 

where 

- 
v i s  the l oca l  r e s u l t a n t  v e l o c i t y  
t 

v '  is the vePoePty pe r tu rba t i on  due t o  blockage 
z 

rh and r,  are  the hub and cas l ng  radius 
'h: 

z i s  t h e a x i a l  l o c a t i o n a t p o i n t o f  i n t e g r a t i o n  
S 

Z, and z2 are  respec t i ve l y  the leading and t r a i l i n g  

edge a x i a l  coord9nateso 

The s ign  convent ion i s  a f o r  z>z2 and - f o r  z < s , .  



Wi th in  the blade row the v e l o c i t y  p e r t u r b a t i o n  i s  given by, 

A, i s  determined by the cond i t i on  o f  vanishing r a d i a l  v e l o c i t y  a t  hub 

and casing: 

J, and Y, being Bessel func t ions  o f  f i r s t  and second k ind.  With values 

o f  \ = 1 and rt - 2, t h i s  leads t o  

A, = 3.1976 

I t  should be noted however t h a t  t h i s  ana lys is  takes i n t o  account 

the pe r tu rba t i ons  due t o  blade blockage only ,  w i rhout  a l l o ~ % n g  f o r  

pe r tu rba t i on  due t o  annulus area changes,, The l a t t e r  e f f e c t  9s taken 



i n t o  accounr i n  the d e f i n i t i o n  o f  the undisturbed v e l o c h y  V z  which is 

based on rhe l o c a l  ve loc i zy  w i thou t  blades, 

Equations 4 and 5 are  i n teg ra ted  ~e i rner~ca iJ ly ;  f o r  t h e  geomerry given 

I n  F ig,  (2)  f o r  both f o u r  and three blqded inducers? for  whkeh the 

blockage fac to rs  can be approximated by: 

f o r  f o u r  bladed % i?ducer, 

and f o r  three bladed haduser: 

 he a x i a l  coo~*dinats I s  undimens8snalimed w i t h  respect to t i p  radPus, 

z = z / r t )  

The results p l o t t e d  Pn FPg, (21 show t h a t  the pe r ru rba r i sn  I n  

a x i a l  v e l o e l t y  dye t o m b l a d e  blockage reaches 13% o f  the  I s c a l  unperturbed 

a x i a l  v e l o c i t y  f o r  the f o u r  bladed inducer and 30% f o r  the thsee bladed, 

a t  hub near the t r a i l i n g  edgeo 8 %  i s  apparent t h a t  Immediately beyond 

the t r a i l i n g  edge, the rnfn%mum Pn axfa1 v e l o c i r y  oecurs near che hub; % n  

f a c t  the vary ing  blade blackage from hub t o  t i p  imposes a srrong upward 

r a d i a l  v e l o c i t y  espee ia i l y  near the hub which Is responsib ie f o r  a 

r e d i s t r i b u t i o n  s f  the f l ow  d l recsed toward the t i p ,  F igure (2)  aYso 

shows tha t  the grad ien t  i n  a x i a l  ve loe i ' t j  across the eralF7ng edge is 

very la rge  i n  both caseso % c  i s  t o  be noted t h a t  che qua? % t a r i v e  nature 

o f  the a x i a l  ~ e i ~ c P $ g c ~ , ~ , d a ~ ~ e a s e  near ehe hub and 'B~cseasa ~ ( a ~ a r c f s  

the t i p  i s  p red i c ted  here by tak ing  i n f o  account o n l y  the blockage e f f e c t  



on the merhdfonal f low ( F i g ,  19b), However theke ~s no quanci rar  ve 

agreemena between measured and p ~ e d i c r e d  d i s t r i b u s b ~ n s  af ax iar  v e l o c i t y ,  

I t  Is apperena from r h i s  r e s u l t  shaz an aecurare p r s c i : c t ~ s n  should 

inc lude a complete three d l rnens i~na i  ss lue ion  ~ ' t h  M I S ~ O U S  e f f e c t s  

incorporated I w  the analysis, One s f  che use fu l  conelbsions o f  t h i s  

analysPs i s  t h a t  rhe blade blockage e f f e c t  does confrPbare towards ehe 

decrease In a x i a l  v e l o c i t y  n e a r  the hub and i t s  e f f e c r  should be taken 

Inzo aecounc 'in the ana lys is  f o r  p red l cs ing  the three d%mensPona$ f l o w u  

2,2 NumerPcal So lu t i on  of rhe F3u~v F i e l d  

The avai lab i '&Pzy @f madern computers wPeh la rge  storage capac i ty  

and f a s t  e o m p u t a t l ~ n  r ime g r e a t l y  enlarge the p o s s % b I % i r /  af solvPng the 

complete equations o f  rnorBon, One o f  ear ly  attempts i n  t h i s  d i rec tcon  

was c a r r i e d  ou t  by Cooper and Boseh ( reference 2) f o r  the  case o f  three 

dimensional Bnvlss id f l ow  through inducers, The aushor used these 

computer programmes, wich some modBfPcations Po account f o r  t r a s l i n g  

edge boundary cond! t isns,  ro p r e d i c t  the three dlmensronal i n v i s c i d  

f l ow  through ehsee bladed inducer 

The quasi - three d%rnensiorial solurlsn described i n  the iFolPowBng 

paragraph i s  used 2% a f %  rsc app~sx imar ion  f o r  the inpu t  dara s f  the 

three dimensional program i n  sec t i on  2,2,2, B e c a ~ s e  o f  the low cDnvekp- 

gence ra re  f o r  a sa t i s fac tooy  s o l u t i o n  o f  rhe f low f c e l d  frcm h h e  exact 

program, the i n i t i a l  cond i t ions  have t o  be as accdrate as psss9bIe The 

quasi - three dimensional s o i u t i o n ,  which p red i c t s  the f low q u a n t i t i e s  

from whar amounts ~o csmbnkng the ax isyrnmerf~c s o j u t i o n  ~ i r h  a blade r o  

blade solution, I =  a b e t t e r  i n 3 t r a l  appFoximar;on r h a n  t h e  dajues based 



on one dlmensionai  a n a l y s i s ,  Th is  approach r e s u l t s  i n  cons iderab le  

savf ng i n  the compurer r ime requi  red f o r  the exaes program- 

2,2,1 Quasi Three Dlmensisnal  Mechod 

One o f  the  compdeer programs developed by Cooper and Bosch de r i ves  

the b lade  t o  b lade  average q u a n t i t i e s  us ing  ax lsymmetr lc  e q u a t l ~ n s ,  

These q u a n t i t i e s  a r e  then used On a b lade  t o  b l ade  s o l u t i o n  us ing  an 

I n t e g r a t e d  form o f  zhe s c a l a r  momenrum equat Pon I n  ehe t a n g e n t i a l  

d i r ec tPono  A two dfmensisnai  merFdionai s o l u t i o n  r e s u l t i n g  from the 

s t ream l i ne  momentum equat ion  rogecher w % r h  t he  s imp le  normal equilPbrPam 

equat ion  i s  employed to determine the average q u a n r i t i e s  f o r  the v e l o c i t y  

and p ressure  wBtRPn the b lade  passage, 

V 
s 9 cos y 1  

godn r 

L i s  the  f rPctPon loss term a long the  s t r eam l i ne  

m I s  the  d l  reex ion  tangent to she s ~ r e a m l  ine 

n D  i s  the d i r e c t i o n  normal t o  the  s t r eam l i ne  

y 9  i s  the angle  between t he  stream1 Pwe and r coord ina te ,  

These q u a n t i t i e s  a re  then used I n  a b lade to b lade  superimposed 

s o l u t i o n  us ing  an Enregrated form o f  the  s c a l a r  momentum equat ion  On the 

8 direct is^, 

cogether w i t h  ehc comt!nclPty equaf !onc 





z momentum 

con t l nu l  t y  

These equatPons,where fd i s  the angular v e l o e i t y  o f  the 'inducer, 

W r ,  W,, W Z  the r e l a t i v e  v e l o c i t i e s  i n  r a d i a l ,  t angen t ia l ,  and a x i a l  

d i r e c t i o n s  respecrPvely,are expressed in a f i n i t e  d i f f e r e n c e  form and 

rearranged t o  g i ve  f o u r  res idua ls  which are reduced t o  zero by a 

r e l a x a t i o n  procedure, A complete dese r ip r i on  o f  the numerical technique 

and the computer program can be found i n  reference 2,  

This  method o f  s o l u t i o n  has been app l i ed  by the author w i t h  some 

modifications, The f l ow  is assumed t o  be incompressible throughout thus 

e l i m i n a t i n g  the  l a s t  three terms ins ide  the bracket  I n  the c o n t i n u i t y  

equat ion above, A g r i d  of  7 x 7 x 26 i s  chosen t o  represent the blade 

passage, and the i n i t i a l  values a t  each o f  those g r i d  po in t s  are der ived 

from the approximate s s l u t l o n  resu l t s ,  described i n  sec t i on  2,2,10 As 

shown i n  Fig, ( 3 1 ,  7 s t a t i o n s  are  chosen i n  both the r a d i a l  and 

tangent ia l  d i r e c t i o n s ,  The boundary c o n d i t i o n  t o  be s a t i s f j e d  on the 

hub, annulus w a l l s ,  and the blade surfaces I s  

where Ps the dP r e c t  ion normal t o  the channel boundaries, 

Among the 26 equa l l y  spaced a x i a l  s t a t i o n s ,  the f i r s t  s t a t i o n  

corresponds t o  the upstream through f l ow  boundary where the % n P e % a l  

cond i t ions  are  app l ied ,  For the boundary value probjem t o  be consissent,  

these i n ;  t i a l  upstream eondP r Pens must speei f y  the rhree eompsnenrs o f  



the v e l o c i t y  and she pressure, and the tangen t ia l  v e l o c i t y  on rhe 

second a x i a l  seat ion  which thbs def ines the w h i r l  a t  i n l e e  o f  the 

inducer, he re jn  zaken as z e r o ,  The fouf l a s t  s r a t i s n s  correspond 'to rhe 

downstream through f low boundary, and extends about one f i f r h  o f  the 

chord length do~nst ream o f  the traB1Bng edge, With the cond i t i on  (13)  

t o  be s a t i s f i e d  on these s tagnat ion  stream surfaces, the see o f  boundary 

condieions f o r  t h i s  problem i s  complete, The program has been s u i t a b l y  

modif Ped f o r  use i n  P BM 360-67 sysrem a t  The Pennsylvania Sta te  

Un ive rs i t y ,  The s s l ~ r i o n  obta ined from t h i s  program was cheeked against 

a known s o l u t i o n  fo r  the ease o f  a paddle wheel channel s i m i l a r  t o  tha t  

c a r r i e d  ou t  by Cooper and Bssch ( reference 2 1 ,  

a) F i r s t  Run 

The program was f 1 r s t  run f o r  ~wenty-Four cyc les for the Penn Sta te  

inducer, w i t h  the geometry shown i n  FYg, (23, The design a i r  i n l e t  

angles a t  the leading edge are  shown on Fig,  (6), Normally, as sug- 

gested by P o  Cooper and H, Bosch (2 ) ,  the upstream through f  lor^ boundary 

should be app l i ed  aboue one c h a n ~ e l  w id th  bpstream o f  the leading edge 

to  take i n t o  account the upstream e f f e c t s  sf  ehe channel, Since the 

Penn Scate :nducer l a  deslgned for l i g h t  loading on the i n l e t  p o r r i s n  o f  

the blades, the upscream perrurbacion due t~ leading edge loading can be 

considered neg9 ig ib leo  

Furthermore, f o u r  a x i a j  s c a t  ions hase been chosen t o  r e p r e s e ~ t  the 

downstream extension sf she blades, accounting f o r  %/5  sf the blade 

chord length,  

The exrensSsn s f  the s tagnat ion  stream surfaces downsrream w r c h  rhe 

cond i t i on  thar  no f low crosses shem s a t i s f i e s  she requib*emenr tha t  the 



f low be unuforrnly perkod!c a r  e x i r  ~ i r h  spacbsg sf 2n /n ,  n be:ng the  

number o f  b ladeso The exteqsion o f  these st-irfaces, rogether w i t h  the 

manual method sf  ad jus r i ng  them t o  unload %hem, has been discussed by 

P o  Cooper and H, Bosch, 

The b lade s s a t i e  pressures obeained by t h i s  program are shown on 

F ig ,  (5a, 56, 5c) a t  hub, mid radius,  and t i p  respec t i ve l y ,  The 

negat lve pressures and grad ien t  o f  pressore observed near the lead ing  

edge are esns!stent we t h  hub and w a l l  s t a t i c  pressure probe measurementc 

i n  view sf the resu i r s  shown i n  F i g ,  (5a, 5b, 5 ~ 1 ,  E t  can be s a i d  t h a t  

the c o n d i t i o n  o f  c losure  o f  the blade pressure diagram ae the t r a i l i n g  

edge I s  f a r  from beyng s a t i s f i e d ,  As i nd i ca ted  by Cooper and Bosch, 

probably more s t a t i o ~ s  would be requi red do~nstrearn f o r  the s  tagnat  ion  

stream surfaces t o  sacYsfy the c losure  c o n d i t i o n o  This method requ i res  

considerable amount of  computer %!me, and hence is n o t  the most effPcPent 

method, Cooper and Bosch a l so  t r l e d  t o  s a t i s f y  t h i s  c o n d i t i o n  by f o r c i n g  

the pressures according t o  the equat ion, 

W, be ing the r e l a t i v e  v e l o c i t y  a t  i n l e t  a t  radius r. This method i s  

sub jec t  t o  c r i t i c i s m  s ince equat ion (14 )  is v a l i d  on ly  along a  r tream- 

1 B ae and no t  a t  any rad l  us0  

The main e f f o r t  o f  the work repor ted here has been t o  cry more 

e f f i c i e n t  methods t o  sa tes fy  ohe Kutta-Joukowski e s n d ~ t i o ~  a t  rhe 

t r a i l i n g  edge, On Ds, WBs%%cenus' suggestion, a  f i r s f  cry  ~ B t h  fo rced 

s tagnat ion  pressure a t  the t r a i l i n g  edge ( r e l a t i v e  velocity equal t o  

zero) has been aiztempred w8thout successG The coarseness o f  the g r i d  

a long w i t h  Snput probierns d i d  nor s l ' o ~  for  a dexai led speePfPcation sf 



 he t r a i l i n g  edgeo Accord4ng ro rhe sketch belod, by l o c a t i n g  and 

f i x i n g  the s tagnat ion  point on t h e  t r a i l i n g  edge, % t  i s  poss ib le  t o  

s imulate rea l  f l u i d  ef feces,  Ho~ever ,  che g r i d  o f  poynts has t o  

represent i n  d e t a i l  the t r a i l i n g  edge, and consequently has t o  be very 

dense i n  order  f o r  the l a rge  v e l o c i t y  g rad ien ts  induced by t h i s  method 

t o  be conf ined around the stagnat ion p o i n t o  

b) Second Run 

Aciecond attempt was made by s e t t i n g  the e x i t  d i r e c t i o n  o f  the f low 

f ree ,  t ha t  B s the boundary eondi %Ion 

9' -4 
W o n = O  

is no longer requ i red  on the downstream s tagnat ion  stream surfaces, For 

the mathematical problem t o  be cons is ten t ,  t h i s  c o n d i t i o n  I s  replaced by 

s e t t i n g  the pressure on these downstream extensions o f  the blades equal 

t o  the average between pressure and suc t i on  surfaces a t  thar  p a r t i c u l a r  

rad ius :  

Mathematical ly,  t h i s  c o n d i t i o n  i s  equ iva len t  t o  the boundary c o n d i t i o n  

(P5), Henee, accordjng t o  the d iscussion g iven by P o  Cooper and H, 

Bosch (21, the number o f  independent d i sc re re  va r iab les  i s  the same as 

i n  the previous case, and the  s o l u t i o n  t o  t h i s  problem e x i s t s  and i s  

unique, Wi th t h i s  mod i f i ca r fon  the condition o f  c los ing  the blade 



pressufe dlagfarn i s  pesfeeely fulfilbed, F i g  (5a, 5b, 5 ~ ) ~  The e x u t  

f low d i r e e r l s n  ps rhen determined by borh a x i a l  and tangenr la l  

v e l a c f r ? e s ,  whfeh s a r j c f y  rhe equae;sns o f  rnotTon and cone lnu i t yo  

A1 rhough the f requent  manual manipular ion o f  che downsr ream 

extensions o f  the biades Ps e i lm lnared by t h i s  method, i e  should be 

st ressed t h a t  the new cond i r lon  s p e c i f i e d  bg equat ion (16% is va l  i d  on ly  

on the  downstream stagnar ion surfaces, Because the s t a t i c  pressure 

c o e f f i c i e n t  Bs not  necessar i l y  constant Pw xhe tangen t ia l  d % r e c r % s n  a r  

any f i x e d  [radius, r&!s c o n d i t i o n  would not  prevent  a  tangeat3aF pressure 

grad ien t  to e x i s t  across the seagnatran stream sur faceso Consequently, 

these surfaces have t o  be s e t  up a r  the beginning o f  rhe numerical 

process from the e x i t  deviareon angles p red i c ted  by the design o r  any 

approximate method, As the csmpd t~ t ;on  proceeds, they can be readjusted 

a f t e r  a  few cyc les from %he e x i t  devPacSon angles der ived from the 

program, Wi th  such a  procedure, a  method for  autsmacEca98y a d j u s t i n g  

the s tagnat ion  stream surfaces could be r e l a t i v e l y  e a s i l y  incorporated 

i n  the  program, 

Although more cycles wouid have been requ i red  f o r  ehe s o i e r i o n  t o  

s t a b i l i z e ,  rhe resulks sf FLg, (5a, 5b, 5c) show tha t  the Kut ta-  

Joukovlrski condition f o r  the blade pressure d i s k r f b u t i o n  i s  s a t i s f i e d ,  

A lso  p l o t t e d  on Fig,  (5a, 5b, 5c) 6s the experimental r i s e  On s r a r i e  

pressure through the gnducer, ThOs experimental data i s  obtaLned 

through s t a r i c  raps on zha  casiag and holes d r g l l e d  on the hub m ;d~ay  

between the  blades and from  scat%^ pressure taps on the blade sur face,  

The agreement between p red i c ted  sratY c pressure and experiment ? s  good 

a t  a l l  r a d l l ,  The average f l ow  properrnes obrained b y  ~ h r s  method a c  

the inducer e x l r  are shod? p locred 14 F;g ( 4 ) "  The radrar d rs r f f ;bd t lan  



o f  a x i a l  veBseP t y  shows a t rend sPm% l a r  t o  chat o f  the expe~riment 

( s t a t  i enah-y probe measurements) The d l  screpancy P n magn l tude between 

the p red i c ted  and experimenral r e s u l t s  is due to radial v e l o c i t i e s  

'induced by viscous e f f e c t s  near the blade surfaces, 

She absoluse rangen t ia l  v e l o c i t y ,  al though s u b s t a n t i a l l y  h igher  

than the design value, i s  approximately constant from hub t o  mid rad ius  

and then decreases near the  t i p ,  Wislieenus meanstreamline method 

( reference I $ ) ,  on whi eh the design o f  the Pean Sta te  inducer i s  based, 

p r e d i c t s  dev ia t i on  angles o f  the order  o f  1 8 ~  a t  the roo t  and 5' a t  the 

t i p ,  These Barge dev ia t ions  are probably due t o  the emp i r i ca l  equat ion 

used by Wisl icenus f o r  d e r i v i n g  the dev ia t i on  o f  the camber l i n e  from 

the mean s t reaml ine ,  These e m p i r i c a l l y  determined dev ia t ions  are  based 

on NASA cascade t e s t s  carrSed ou t  a t  moderare sol8dBtPes. This  method 

i s  y e t  t o  be pe r fec ted  t o  make i t  v a l i d  f o r  a l l  rypes o f  rurbomachinery, 

Hence the discrepancy between the r e s u l t s  o f  the  th ree  dimensional 

program and the design values may be due t o :  

1 )  The three dimensional e f f e c t s  such as blade blockage and the 

la rge  c i r cumfe ren t i a l  ex ten t  o f  the blades, 

2) The i naceuracy o f  the means treaml Pne method, 

3) The crudeness sf the method adopted i n  t h i s  thesis t o  s a t i s f y  

the Kutta-JoukowskP eondi t ion, 

The o u t l e t  dev ia t i on  angles are s l i g h t l y  lower than those o f  the 

design as shewn i n  ~ B g , ( 6 ] ,  Since the stagger angles s f  the blades are 

large, a sPBght change i n  dev ia t i on  angles r e s u l t s  i n  considerable 

change i n  absolute tangenr ia l  ve locHt les,  This  accounts f o r  the $siege 

discrepancy between the p red i c ted  and design values s f  the absolute 

tangenr ia l  v e l o c i t y  shown Pn ~ i ~ ~ ( 4 ) ~  



The t rend observed f o r  the r a d i a l  v e l o c i t y  d i s t r i b u t i o n  i s  

probably due co blade blockage e f f e c t .  The experimental  values o f  the 

r a d i a l  velociry  der ived from hot  w i r e  measurements, F iga (12a ) ,  sse very 

much h ighe r  than the p red i c ted  ones, Here a$so,ehe importance o f  the 

viscous e f f e c t s  which are neglected I n  the present  ana lys is  probably 

accounts f o r  much o f  the discrepancy observed. The r a d i a l  d i  s  t r i  bu t ton  

o f  the  s t a t i c  pressure c o e f f i c i e n t  shown 'in F ig ,  (4) i s  cons is ten t  wf t h  

the absolute tangen t ia l  v e l o c i t i e s  and i s  h igher  than the design which 

assumes l a r g e r  f l ow  dev ia t i on  angles a t  the t r a i l i n g  edge, 

I n  summary, i t  can be concluded t h a t  the program w i t h  the above 

mod i f i ca t i ons  f o r  pressure d i s t r i b u t i o n  prov ides a good means f o r  

p r e d i c t i n g  the f l ow  In a x i a l  inducers, The accuracy depends on the 

number o f  g r i d  po in t s  which can reasonably be choseno An u l t i m a t e  step 

would be t o  inc lude rea l  e f f e c t s  t o  the s o l u t i o n  through the loss terms 

i n  equat ion (P2), A loss subrout ine was constructed f o r  t h i s  ana lys is  

bu t  has no t  been inc iuded i n  any a d d i t i o n a l  sun because o f  cos t  problems, 

The program was used w i t h  a For t ran  i V  H compiler us ing an 

op t im iza t i on  procedure which shortens the t ime requ i red  f o r  repetitive 

eal cu la t i ons  $ t was executed on an I BM 360-67 approximate8 y ten t imes 

f a s t e r  than the Univac $107 system used by P o  Cooper and H ,  Boseh, 

2 , 3  Approximate V i s c i d  So lu t i on  

The two i n v i s c i d  analyses c a r r i e d  ou t  so f a r  do no t  p r e d i c t  

accura te ly  the f low I n  a x i a l  inducerso l t  i s  apparent t h a t  the v i s c o s i t y  

o f  the f l u i d  i n  the long and narrow passages between the blades accounts 

f o r  major departure o f  the f l ow  c h a r a c t e r % s t i c s  from the design values, 

especPa3ly near the t i p ,  I n  add i t i on ,  the secondary f lows induced by 



the i n t e r a c t i o n  between the pressure and suc t i on  sur face boundary layers  

near the t i p  produce complex f lows and increase the f low losses, 

Although the p r e d i c t i o n  o f  these r a d i a l  ve1ocOties and the f l ow  losses 

i s  extremely difficult, a f i r s t  at tempt t o  inc lude viscous e f f e c t s  has 

been made by B, Lakshmlnarayana ( re ference 4),  i n  view o f  the g rea t  

d i f f i c u l t i e s  invo lved I n  s o l v i n g  the complete equations o f  motion o f  the 

tu rbu len t  f l ow  i n s i d e  the passage, B, Lakshminarayana sought t o  account 

f o r  the viscous e f f e c t s  On an approximate way by us ing an empi r icaP pres- 

sure loss c o e f f i c i e n t  der ived from var ious t e s t s  c a r r i e d  ou t  a t  the NASA 

Lew[s Research Center, M, loT.  Gas Turbine Lab., and TRW Cleveland 

(references 18, 19, 20, 9 ) .  This  ana lys is  takes i n t o  account the three 

dimens%ona% nature  of  the f low and energy losses due t o  f r i c t i o n  i n  

s o l v i n g  c o n t i n u i t y ,  a x i a l  momentum and c i r c u m f e r e n t i a l l y  averaged r a d i a l  

e q u i l i b r i u m  equations, The inducer passages a re  assumed t o  have f u l l y  

developed t u r b u l e n t  f low, The assumption foe  the v e l o c i t y  p r o f i l e s  i n  

both tangen t ia l  and r a d i a l  d i r e c t i o n s  are  based on the present s t a t e  o f  

the knowledge of  the th ree  dPmensPonal boundary layer,  F ig ,  (71,  

An emp i r i ca l  f r i c t i o n  loss c o e f f i c i e n t  app l i cab le  t o  inducers 

opera t ing  a t  low f l ow  c o e f f i c i e n t s  i s  der ived from t e s t s  repor ted i n  

references (18, 19, 20, 9  ) .  The f r i c t i o n  loss c o e f f i c i e n t  hR i n  the 

f o l l o w i n g  equat ion i s  p l o t t e d  i n  F ig ,  ( 7 ) ,  

where, F ig .  (7) : 

"LOSS 
i s  the head loss due t o  f r i c t i o n  

Rh t 
i s  the r a t i o  o f  hub and k i p  r a d i i  



R i s  the Reynolds number Wdh/v 
n 

dh 
i s  the h y d r a u l i c  mean diameter = - 4Tr con B 

n 

0 
i s  the length of  the channel 

a 3s the l i m i t i n g  s t reaml ine  angle w i t h  m coordinate 

6 i s  the angle o f  the mer id lonal  component of  the f low w i t h  the 

inducer ax i s  

The r h d i a l  e q u i l i b r i u m  equat ion,  which incorporates a11 these assumptions 

and i s  v a l i d  f o r  any noncav i ta t i ng  inducer,  8s der ived from equat ion (12).  

The r e s u l t i n g  r a d i a l  e q u i l i b r i u m  equation i s ,  

aV, 2 a a - ape 
0.275 - - -  W, ( tan  a - + % sec a -) + 1.015 We ' 

2 ax ax 
60s B 

where x i s  the coordinate p a r a l l e %  t o  the blade camber l i n e  and l y i n g  

on a c y l i n d r i c a l  surface. W e  and are  def ined on F i g .  (7) 

The bas ic  assumptions made i n  d e r i v i n g  t h i s  equat ion are:  

1 .  The loss term Fr i n  the r a d i a l  momentum equation I s  smal l ,  

2, The r a d i a l  g rad ien t  i n  a x i a l  v e l o c i t y  i s  very smal l  a t  any 

p a r t i c u l a r  radius.  

3 ,  The f l ow  p rope r t i es  are  symmetrical about the mid passage 

(see F ig .  ( 7 ) ) .  

4, The r e l a t i v e  v e l o c i t y  W a t  any radius Is p a r a l l e l  t o  the mean 

blade camber P Pne a t  t h a t  radius, 



- 
5 .  W va r i es  l i n e a r l y  w i t h  x,she d is tance along the blade, from 8 

leading edge t o  t r a i l i n g  edge, 

6, The angle a between the l i m i t i n g  s t reaml ine  and va r ies  
m 

linearly from zero a t  the leading edge t o  the maximum measured 

value a t  the t r a i l i n g  edgeo 

I n  the case o f  the Penn State Inducer, equat ion ( 1 % )  reduces to :  
2 

~ ( r )  = -- 2 0°06 '  ( tan  a + a sec a) 
s l n28  

S(r1  = 
0,03 tana 

2 
s i n  B 

h i s  the f r i c t i o n  loss f a c t o r ,  der ived i n  reference 4 and shown i n  R 

Fig .  (71, I t s  v a l i d i t y  has been proved f o r  the range o f  f l ow  coef-  

f i c i e n t s  = 0.065 t o  0 0 2 0  ~ ( r )  i s  shown p l o t t e d  on Fig,  (7) f o r  the 

th ree  b 1 aded i nducer 

Equation (18) I s  so lved f o r  the three bladed inducer w i t h  the Boss 

c o e f f i c i e n t  hR given by 6. Lakshmlnarayana. The values of the func t ions  

~ ; ( r ) ,  ~ ( P Q  are the same as f o r  the f o u r  bladed inducer, reference 4,  

The boundary cond i t i on  assumed f o r  the s o l u t i o n  o f  the d i f f e r e n t i a l  

equat ion ( 18) i n  t h a t  the tangent ia l  v e l o c i t y  a t  hub i s  the same as 



t h a t  o f  design, The p red i c ted  value o f  the absolute tangen t ia l  v e l o c i t y  

V i s  shown p l o t t e d  versus radius i n  F ig ,  ( 8 ) ,  1 %  can be seen t h a t  the 0 

agreement between p red i c ted  values and values measured Prom a stationary 

p i t o t  tube a t  s t a t i o n  4 ,  F ig ,  ( l o ) ,  Is good, The steep r i s e  I n  

t angen t i a l  v e l o c i t y  near the t i p  i s  confirmed by t h i s  ana lys is ,  

Pt i s  q u i t e  c l e a r  from t h i s  ana lys is  t h a t  i f  the prec ise  na ture  o f  

v e l o c i t y  p r o f i l e s  and shear stresses ' is known, I t  i s  poss ib le  t o  

p r e d i c t  the f low accura te ly .  Theoret%caP and experimental  i n v e s t i g a t i o n  

o f  the boundary l aye r  i n  a  r o t a t i n g  h e l i c a l  channel, c u r r e n t l y  under 

i n v e s t i g a t i o n  i n  t h i s  department, should prov ide  valuable Bnformat<on 

f o r  the accurate p r e d i c t i o n  sf  the f l ow  p rope r t i es  i n  such low f l ow  

coe f f  i c i e n t ,  h%gh  so l id8  t y  inducers, 



3 0  E X P E R I M E N T A L  PROGRAM AND RESULTS 

Pn carayIng oue the fo lPading experPmenrs, the main goal is t o  

i nves t i ga te  as completely as poss ib le  the f l ow  c h a r a c t e r i s t i c s  such as 

t%me averaged and instantaneous v e l o c i t i e s ,  s t a t i c  and t o t a l  heads o f  

the r e l a t i v e  and absolute Piow. The Pmportance o f  t h i s  experimental  

data f o r  a b e t t e r  understanding and p r e d i c t i o n  o f  the f low has been 

po in ted  o u t  i n  sec t i on  1 .1 ,  I t  i s  t o  be st ressed here t h a t  t h i s  study 

deals on l y  wYth the noncav l ta t ing  performance o f  the inducer, aimed a t  

understanding the basPc f l o w  phenomena. 

3 , 1 ,  Apparatus Used I n  the ExperPment 

3 . F , $  Three Bladed inducer 

The experimental  i n v e s t i g a t i o n  i s  c a r r i e d  ou t  i n  a three f o o t  

diameter model designed and b u i l r  i n  the labora tory ,  The inducer t e s t  

f a c i l i t y  i s  shown i n  F ig,  ( I ) ,  This model was o r i g i n a l l y  s tud ied  w % t h  4 

blades, and l a t e r  w i t h  th ree  equa l l y  spaced b ladeso The blades were 

designed by G o  F, Wfslicenus and 6, Lakshmfnarayana fo l l ow ing  the mean 

stream] ine method ( reference $ a ) ,  The design blade and f low angles are 

spec8 f l ed  on F i g o  ( 6 ) ,  The inducer model has a r o t a t i o n a l  speed of  450 

5 RPM, g i v i n g  a Reynolds number s f  7 x 10 based on t i p  rad iuso  The RPM 

i s  determined to an accuracy o f  one ten th  sf RPM by means sf a photoce l l ,  

d i s k  and e%ectronPc counter,  Important parameters of the inducer are 

as f o l  lows: 



Number o f  b lades = 3 

Hub%TPp r a t i o  ( o u t l e t ) =  0,5 

P i p  diameter = 36.0 inches 

Design va lue o f  f l o w  

c o e f f i c i e n t  ( i n l e t )  = 0,065 

Blade chord a t  

T i p  s e c t i o n  = 82,96 inches 

M B d-span = 63,8 8 B nches 

Hub = 4g094 inches 

Holes on t he  b l ade  s u c t i o n  and p ressure  sur faces  a re  connected t o  

the  m e t a l l i c  tubes embedded i n  the b lade  and a r e  used f o r  the  l i m i t i n g  

s t r eam l i ne  angle measurements as w e l l  as the  b lade  s t a t i c  pressure 

measurements, F i g u r e  (80) shows the  l o c a t i o n  o f  the s t a t i o n s  o f  measure- 

ment a long  t he  inducer  a x i s ,  S ta t i ons  l and 2 a r e  loca ted  Paside t he  

b lade  passage and a r e  used f o r  r o t a t i n g  probe measurementso S t a t i o n  2a 

I s  l oca ted  s l i g h t l y  o u t s i d e  the  b lade  passage, d i s t a n t  of  .25 Pnches 

f rom the  b l ade  t r a 3 8 i n g  edge, Hot w j r e  measurements a r e  taken a t  s c a t i o n  

2a0 

3,9,2, Convent ional  Probes 

The t o t a l  p ressure  probe used f o r  s t a t l o n a r y  and r o t a t i n g  probe 

measurements i s  descr ibed i n  re fe rence  8, The o u t s i d e  and i n s i d e  

diameters o f  t he  probe a re  r e s p e c t i v e l y  0,125 and 0,055 inches, Th i s  

combinat ion g i ves  a good sensPtPvBty f o r  a Mach number up t o  0,045 

which i s  w i t h i n  the  range o f  v e l o c i t i e s  encountered Pn the  p resen t  

I n v e ~ t l g a r i s n ~  The s t a t i c  pressure probe used i n  the  seatPonary probe 
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measurements i s  standard, w i t h  Four s t a t i c  ho ies each hav ing  a d iameter  

o f  0,010 inches and l oca ted  0,20 inches f rom the  poobe t i p ,  

For  t he  measupement o f  the  f l o w  angles a t  e x %  % a tuft probe made 

of r e f l o n  m a t e r i a l  Ps used, The same type o f  r u f c  is used f o r  the 

qualitative measurement o f  t he  r a d i a l  inward f l o w  a t  the  e x i t ,  

3 , l  , 3 0  Apparatus f o r  instaneaneous V e l o c i t y  Measurements, F i g ,  ( I  l a )  

Hot Wire Anemometer and Probes: 

Two dual channel h o t  w i r e  constant - temperature anemometers designed 

and developed by the tu rbu lence  group a t  The Pennsylvania Scate 

U n i v e r s l  t y  a re  used f o r  t h i s  exper imenta t ion ,  TheP P o r i g i n a l  c i r c u i t r y  

i s  shown on F i g o  ( I l b ) ,  which I s  s l i g h t l y  mod i f i ed  f o r  h i ghe r  o u t p u t  

v o l t a g e  l e v e l ,  The Thermo Systems sensors used a re  made o f  tungsten h o t  

w i res  o f  3p diameter  and a l eng th  t o  diameter r a t i s  o f  700, The probe 

c o n f i g u r a t i o n  and mount ing mechanism a re  shown on F i g ,  (91 

An x eonfPgurat lon probe whose w i r e s  a re  a l i g n e d  i n  the t a n g e n t i a l  

and a x i a l  d i r e c t i o n s  and a s i n g l e  w i r e  probe a l i g n e d  On the  r a d i a l  

d %  r e c t  i on  a r e  used f o r  these measurements They a r e  mounred on a 

t r ave rse  gear such t h a t  p o s i t i o n  e r r o r  i s  negBEgPbly smal l  [ ~ i g .  ( 9 ) ) ,  

P e r i p h e r i e  i ns t rumen ta t i on  

A very  Bow tu rbu lence  c a l i b r a t i o n  tunnel  b u ! $ t  i n  t h i s  l abo ra to r y  

i s  used f o r  c a l i b r a t i o n  o f  the h o t  w i r e s c  ThPs w ind  tunnel  has a cross 

s e c t i o n  of  2 x 2 inches and operates w i t h i n  the  range o f  a i r  v e l o c i t i e s  

sf 0 t o  300 f e e t  p e r  second, 

A p r e c i s i o n  micromanometer manufactured by Fiow Corpo~~atPon I s  used 

t o  o b t a i n  the  pressure measurements i n  the i n ~ e s t i g a s i o n ~  %h;s manometer 



has a minimum readlog sca le  s f  0,0001 inches, I t s  accuracy 85 f 0 , 0 9  

pee cen t  o f  the  minimum s t a t i c  pressuLfe measured i n  t h i s  p a r t i c u l a r  

expergmental progheamn 

D i g i t a l  and RMS vs l rmete rs  manufactured by HewBetr Packard and 

B a l l a n t i n e  Laboratory  I n c a  r e s p e c t i v e l y  a r e  used f o r  instantaneous 

v e l o c i t y  measdrements, The da ta  I s  recorded on a C E C  da ta  tape analog 

tape reco rde r  a t  a  speed o f  3,35 i p s  and d i sp layed  a t  30 [ p s  'in an 

analog t o  d i g i t a l  conver te r  (ADC) u n i t  (Pastor ima EPeeteonBes, I nc , ) ,  

The s i g n a l s  a r e  v i s u a l  !zed on a 4 channel s to rage  T e k t r o n i x  600 

osc l% loscope ,  F i o a l l y ,  the  d i g i t a l  tapes a re  processed by t he  

Uwi  vers l t y  B BM 360-63 and B BM 1408 ( ca leomp lo t t e r )  computers. 

A b l o c k  diagram o f  the  i ns t rumen ta t i on  used fo r  the  instantaneous 

v e l o c i  t y  measurements I s  shown I n  F i g ,  ( 1  l a ) ,  

3,8,4, Pressure T rans fe r  Device (PPD) 

A one channel pressure t r a n s f e r  dev ice  is used f o r  t he  r o t a t i n g  

probe measurements and i s  descr ibed  i n  d e t a i l s  Pn re ferenee 3 ,  This 

device 'is mounted i n s i d e  rhe  hub nose eone o f  the model inducer  and 

connected t o  a  micromanometer, A s i m i l a r  ammonia t r a n s f e r  dev ice  Is 

used t o  t r a n s f e r  ammonla from a s t a t i c  con ta ine r  t o  the  l o c a t i o n  a t  

which l i m i t i n g  s t rearn%lne  angles a r e  t o  be measured, 

3 . 2  

A complete f l o w  survey a t  the  e x i t  o f  the  inducer is c a r r i e d  o u t  

a t  s t a t i o n s  3, 4 ,  5 and 6 shown i n  F i g ,  ( I 0 b c  Tora l  p ressure  and a ~ g E e s  

o f  the  abso lu te  f l o w  a re  measured us ing  t o t a l  and r u f r  p robes-  The 

s t a r i c  pressures a r e  measured a t  the  hub and anndfus walls a t  these 



s t a t i o n s ,  The r a d i a l  d i s t r i b u t i o n  o f  rhe s t a t i c  head c o e f f i c i e n t  i s  

der ived by usBng the s i m p l i f i e d  radYa1 equl lgbr lum equat ion near the 

wal I s ,  
qt 2 

This d i s t r i b u t i o ~  has been compared w i r h  the one der ived from a s t a r i c  

probe and both were found t o  be cons is ten t ,  These r e s u l t s  are discussed 

and compared w i t h  s imi  l a r  measurements made f o r  the f o u r  bladed inducer 

p rev ious l y  s tud ied  In t h l s  department and repor ted i n  references 4 and 5 ,  

Stagnation and SaatEc Pressure Coe f f i c i en ts  

The r a d i a l  d i s t r i b u t i o n  o f  s tagnat ion  pressure c o e f f i c i e n t  (qt)  

and s t a t i c  pressure c o e f f i c i e n t  ( q 5 )  a t  var ious s t a t i o n s  are  shown 

p l o t t e d  and compared w t t h  the h igher  s o l i d i t y  f o u r  bladed Pnducer 

r e s u l t s  I n  F ig ,  ( l 9 a ) "  

The s t a t i c  pressure c o e f f i c i e n t s  a re  found t o  be c o n s i s t e n t l y  

h igher  than those o f  the f o u r  bladed inducer (about 45 percent) a t  a61 

rad i  i , S u r p r i s i n g l y  the sad%a$ grad ien t  o f  s t a t i c  pressures remains the  

same i n  both cases, A s l i g h t  decrease On the grad ien t  i s  observed as 

the f % w  proceeds downstream, F ig ,  (Bga], 

The s s a g n a ~ i o n  pressure c o e f f  ic ienes are Pound t o  be about 15 t o  

20 percent h igher  than those o f  the Pour bladed Inducer except near the 

t i p ,  Furthermore, i t  can be observed by comparing +t d % s t r l b u t ! s n  a t  

s t a t  ion (3)  and (4)  t h a t  the mix ing  losses downstream o f  the pPesent 

inducer s t %  1 I e x i s t  b u t  i n  f a c t  a r e  appreciably  lower than those o f  the 

fou r  bladed inducer,  Even though the sceep Pncrease i n  the values o f  

bt todavds the r i p  i s  there even :n the present case, t h l s  steep r i s e  

Is cowfined t o  a s m a l l e ~ ~  portion o f  c h e  b lade herghe near rhe t ' p  than 



the one measured i n  rbe four bladed 'inducerm There Ps appreciable 

improvement i n  the stagnar9on head dPstrPbertlsn from hub r o  rill$ radius,  

No appseeiable Irnprovemenr ; q  the head %ise l - ibur isa  I s  observed near the 

t i p ,  and hence add"t5onal  mod i f i ca t i ons  i n  the form o f  boundary l aye r  

c o n t r o l  o r  redestgn are necessary t o  ob ta in  an acceptable energy 

d i s t rPbu t%on ,  

Rad3al D i s t r i b u t i o n  0% A x i a l  Ve loc i t y  

The r a d i a l  distribution s f  a x i a l  veBocPtPes a t  s tar9on 3 ,  4, 5, 6 

i s  shown p l o t t e d  On Figure ( 9 9 b ) ,  

The back f % o w  Ps present a t  a l l  downstream s t a t i o n s  except a t  

s t a t i o n  3, A t  s tatean 3 the r a d i a l  d i s t r i b u e i o n  o f  a x i a l  vePoc$cy i s  

more un i fo rm than t h a t  observed i n  the f o u r  bladed inducer and has 

appreciably  h igher  value a t  mid radius,  This ind ica tes  t h a t  the blade 

blockage e f f e c t  whSeh 3s h igher  i n  the case o f  a f o u r  bladed Inducer has 

appreciable e f f e c t  on the a x i a l  v e l o c i t y  d i s t r i b u t i o n  a t  the t r a i l i n g  

edge sf ehe blades, The a x i a l  v e l a c i t y  p r o f % l e s  show a marked 

d e t e r i o r a t i o n  from chat observed i n  the fou r  bladed inducer a t  a l l  o the r  

s ta t i ons ,  The exrene o f  back f l ow  region near the hub i s  appreciably  

h igher  than t h a t  o f  the fou r  bladed inducer, 

The p red i c ted  a x i a l  v e l o c i t i e s  fl-srn the exact ana lys is  described 

i n  sec t i on  2,2,2 are shown p l o t t e d  and compared w i t h  expertmental values 

f o r  the th ree  bladed 'inducer Pn ~ l ~ , ( b ) ,  Phis p l o t  show the i n f l uence  

o f  the blade blockage, I t  i s  c l ea r ,  from the observed discrepancy 

between the  p red i c ted  ( I n v i s c i d )  and measured values, chat 19 i s  

essen t i a l  t o  inc lude the r a d i a l  v e l o c i t y  induced by viscous e f f e c t s  f o r  

accurate pred i  c t i o n  o f  ax% a1 veloeP t y ,  



RadlaP 5PsrpPbut;oa o f  Absolute Tangewt"7 VeBoeiries 

The r a d i a l  v a r i a t i o n  of abso3use ~ a n g e n t i a l  v e l o c i t i e s  Ps p l o t t e d  

in Figure r l 9 c ) ,  

A t  s t a t i o n s  4 and 5  he tangent ia l  v e $ s c i t f e s  from hub t o  mid rad ius  

are h igher  than those observed i n  the f o u r  bladed inducer whereas from 

mid radius t o  r i p  a  s l i g h t  decrease i s  observed, To some ex ten t  there 

i s  an %mprovernenf i n  the V d i s t r i b u t i o n .  These measul+emenrs are  0 

cons is ten t  w i t h  s ~ a g n a t i o n  head r i se  c o e f f i c i e n t s  described e a r l i e r ,  

Even though the avevage increase i? tangen t ia l  v e l o s i t i e s  i s  smal l ,  there  

i s  eonsPderable (about 15% t o  30%) increase i n  s tagnat ion  head csef-  

f l c i e n t s  a t  these loca t ions ,  The r a t i o  o f  the ac tua l  head t o  the Eu ler  

head is a measure o f  she hydrodynamic e f f i c i e n c y ,  Bt i s  c l e a r  t h a t  

there ' is appreciable dewease Yn the frEeePona1 e f f e c t s  when the 

s o l i d i t y  i s  decreased, The hydrodynamic e f f8c iene les  a re  genera l l y  

h igher  Pw the case o f  th ree  bladed inducer,  Fursher Ompi-svement 9n rhe 

performance i s  poss ib le  on ly  by boundary l aye r  c o n t r o l ,  

The measured V i s  shown compared w i t h  values p red i c ted  from 
8 

i n v i s e i d  theory and approximate v i s e i d  theory on f i g u r e s  (4)  and (8) 

respec t i ve l y ,  

Hub and Annulus Wall S t a t i c  Pressures 

Wall s t a t i s  pressure c o e f f i c i e n t s  measured on the hub w a l l  w i t h  the  

a i d  o f  a pressure t r a n s f e r  devPce and on the annulus wall are  p l o t r e d  i n  

F ig,  (20) and (21) r e s p e c t i v e l y o  

The values o f  pressure ese f f i c3en t  measured ae a l l  a x i a l  s ra t l ons  

are considerably h igher  than rhose of  a  foue bladed inducer,  Fur ther -  

more, the negat ive r a d i a l  pressure grad ien t  observed a t  some o f  she ax;%$ 



scat ions sf a f o u r  bladed !nducer has almost disappearedo The magni- 

tude o f  the negat ive pressures observed near  he lead4ng edge i s  

s o n s i d e ~ a b l y  feduced i n  c k e  presenk case, These r e s u i t s  a g a h  conf i rm 

s u b s t a ~ t i a l  improvement i n  ehe f low behavPsr  hen the s o l i d i t y  i s  

decreased, 

3 0 . 3 0  

3 0 3 0 1 0  Abst rac t  of the Method 

1 n  o rde r  t o  ob ta in  a b e t t e r  understandl ng o f  the flow phenomena 

i n  a x i a l  f l ow  inducers, an attempt i s  made t o  measure a l l  three 

components of  the three dimensional instantaneous v e l o c i t y  a t  the 

inducer e x l  t us ing a th ree  hot -w i re  probe and the assoc ia te  equipment 

described I n  seet ion  3 a 1 n 3 ,  F!go (B la ) .  As po in ted  out  e a r l i e r  i n  

Chapter 2, the r a d % a l  v e l o c i t y  components are  the most d i f f i c u l t  t o  

p r e d i c t  and measure, However, from a  good knowledge o f  t h e i r  magnitude 

and dOstrPbutlon, considerable improvement can be made I D  the prediction 

of the f low.  

The b lock  dFagram descr ib ing  the  method o f  measurement and the 

equipment requ i red  is shown on F ig ,  ( $ l a ) ,  Those measurements a re  taken 

a t  s t a t i o n  2a, F ig ,  ( l o ) ,  whPch Is located a  qua r te r  o f  am inch from the 

t r a i l i n g  edge sf the blades, S'nce the r a d i a l  v e l o c i t y  decays r a p i d l y  

downstream o f  the cra138ng edge, Pr I s  essen t i a l  to c a r r y  out these 

measurements as c lose t o  the t r a i l i n g  edge as p r a c ~ t c a b l e ,  Since the 

three components o f  the ve loc isy  c o n s t i t u t e  three unknow~s, I t  9s 

necessary g o  use three senstng wtres so der jve  rhe rnagn;%udes sf the 

three ve ldc i  t y  components ( V  or  Wo, V r ,  VZ) The probe ira$eiFse 
8 



mechanism s e t  up 0n the a?nu?us wall is fPxed t a n g e n t i a l l y ,  b w ~  is  

movable i n  the a x i a l  and r a d i a l  d r rec t i ons  ( ~ i g ,  (9)), 

The th ree  s0gna ls  pPcked up from ohe h o b  d i ~ e  anemometers a r e  

memorized i n  a magnetic tape, then d i g i t i z e d  on an analog t o  d i g i r a 1  

convereer unst ,  (ADC) ,  t o  be f 9 n a l l y  processed on an I B M  360-67 computer, 

~ l g ,  ( l a a ) ,  

Considering the f i x e d  frame o f  reference r, 8, z ,  each one o f  the  

three w i res  i s  a l i gned  wStR one o f  the coordinate axes, The three non- 

l i n e a r i z e d  vo l tage s igna ls  p icked up by the probe are  c a l l e d  E l ,  E 
3 -  

Since the angle between the w i  r e  in 6 dP recr  Psn and the resul  kaat  

v e l o c i t y  i s  very smal l ,  a c o r r e c t i o n  t o  the dev ia t i on  o f  the cosine Raw 

9s used, According t o  King 's  Bad, the s igna ls  p icked up by the three 

sensors are, 

The sensl t i v i t y  sf  rhe h o t  w% re  t o  rhe f %od d l  ree t i on  i s  general l y  

assumed t o  be g iven by the normal component or cosPne Paw, whereby the 

e f f e c t i v e  coo l i ng  ve1osHty rs obeained from the magnitude o f  the vec tor  

component o f  the fvee stream normal t o  the a x i s  o f  the w i re ,  However, 

I t  has been proved t h a t  the f i ngse  values o f  the length  t o  diameter 

r a t i o ,  [ I d ,  o f  the hot wQes produce degiat ions from the cosine lawo 

Aceord%ng to the sketch below, the e f f e c t i v e  cool Bng v e i o c i r y  V i n  a e 

f ree  stream Vo i s  



a being the angle o f  incidence between the f ree  stream d i r e c t i o n  and the 

normal t o  the ax i s  o f  the wP re,  and k i s  an experimental  l y  determined 

parameter rePBecring dev%atPsns from the cosine l a w o  T h i s  dev ia t i on  is 

important i n  the case o f  the wl re  sensing the r e s u l t a n t  o f  the r a d i a l  

and a x i a l  ve$ 

6 
Csg 

With t h i s  c o r r e c t i o n  the v e l o c t t y  sensed by each w i r e  i s  given by: 

leading t o  the f s j l o w i n g  equat ions: 

W ,  H, Sehwarz and C, A. FrDehe (13) have c a r r i e d  measurements POP the 

dev ia t i on  from the c ~ s i n e  law which g i ve  f o r  t h i s  case a c o r r e c t i o n  

fac to r  s f  k = 0026 f ~ r  P/d = 700, With t h i s  co r rec t i on ,  the c s e f f i c l e n t s  

i n  the above equations are: 



Since the r a d i a l  and a x i a l  v e l o c i t i e s  are an order  o f  magnitude 

lower than the tangen t ia l  v e l o c i t y  these cor rec t ions  are  no t  smal l ,  

The r e l a t i v e  ve1oePtPes are then given by, 

The s i g n a l  processing i s  c a r r i e d  out  I n  f i v e  steps: 

1 )  The s igna ls  from the tape recorder are d i g i t i z e d  i n  the ADC u n i t  

as i npu t  data f o r  the computer program reproduced i n  Appendix 2, 

2) The d i g i t i z e d  values o f  the s igna ls  are arranged i n  two 

dimensional arrays,  t h i s  being d i c t a t e d  by the averaging method discussed 

i n  the f o l l o w i n g  sec t ion ,  

3) A l l  d l g i  t l z e d  values are then % Pnearizsd i n d i v i d u a l  l y  according 

t o  equat ion (19),  w i t h  the parameters A l  and 8, accura te ly  determined by 

probe c a l i b r a t % o n o  

4) Then the values o f  the  r e s u l t a n t  v e l o c i t i e s  are  obta ined from 

equations (20) and (21) t o  g i v e  the three components o f  the instantaneous 

ve loc i  t y ,  and averaged over consecut Pve blade passages (see sec t  ion 

3.3.2) 

5)  F i n a l l y  the tu rbu len t  i n t e n s i t y  i s  computed f o r  each component 

(see sec t  ion  3,3 3) 

A computer program w r i t t e n  f o r  processing the d i g i t i z e d  data i s  

given I n  Appendix 2, 



3 .3  2. Ave sag l ng P ~oeedu  re 

The th ree  s igna ls  are func t ions  o f  t ime w i t h  a p e r i o d i c i z y  equal t o  

three tymes the rocatPve speed o f  the machine, The only requirement f o r  

the cond i t i on  t h a t  each sample o f  the s igna l  corresponds t o  the same 8 

l oca t i on  w i t h i n  the blade passage is  t h a t  the sampling frequency be a 

m u l t i p l e  o f  the p e r i o d i c i t y  o f  the s igna l ,  I n  o the r  words, the fsBlowing 

r e l a t i o n s h i p  has t o  be s a t i s f i e d  between the s igna l  frequency (3Q), the 

number o f  samples n w i t h i n  the blade passage and the sampling frequency 
0 

f o f  the ADC u n i t :  

The ADC u n i t  used i n  the Department o f  Aerospace Engineering 

o f  The Pennsylvania Sta te  U n i v e r s i t y  has a f i x e d  dOgBtBzjng speed o f  

9000 words per  second/per channelo Hence, the number o f  sampling po in t s  

wO t h i n  the blade passage would be 400 f o r  Q - 450 RPM, Because o f  

data b locks i ze  1 im l ta r l ons ,  t h i s  number n i s  reduced t o  50 by a r t i f ! -  
o 

c i a l l y  m u l t i p l y i n g  the frequency o f  the s igna ls  3Q by 8 w i t h  the  a b i l i t y  

o f  the analog rape recorder  t o  record a t  3.75 I P S  and d i sp lay  a t  30 IPS, 

A n ine  t r a c k  d i g i t a l  tape i s  used t o  t r a n s f e r  the data 9s the 

computer wh leh has a b locks i  ze reading capaci ty  of 12384 words a t  a t ime, 

This  considerasion l i m i t s  the number o f  sets s f  50 p o i n t s  equa l ly  spaced 

along one b'liade passage t o  80, Thus the number sf date a v a i l a b l e  f o r  

determining the time average v e l o c i t y  o r  rurbulenee i n t e n s i t y  a r  any o f  

the 50 passage p o s i t i o n s  Is e igh ty ,  

Hence the blade t o  blade d i s t r i b u t i o n  o f  t ime averaged v e l o c i t y  is 

obta ined through the averaging o f  the 80 consecut l we sequences s 



The four th '  channel o f  the ADC u n i t  I s  used as a c o n t r o l  f o r  the 

read out  o f  the data by the computer, 

3 . 3 . 3 .  Accuracy CrPtepia and L%mlta$Pons 

A rough estPmate o f  the accuracy o f  the blade t~ blade d i s t r i b u t i o n  

o f  t ime averaged v e l o c i t y  i s  der ived from reference 7, I t  I s  assumed 

t h a t  each 'instantaneous value w i t h i n  the biade passage I s  s t a t l s t l c a l % y  

Independent, This  assumption 'is supported by the Pact t h a t  each value 

belongs t o  a p h y s i c a l l y  d i f f e r e n t  blade passage and t h a t  the I n t e g r a l  

scale T o f  the process could no t  be more than one per iod,  The accuracy 

obta ined P s then g l  ven by (see Appendix I )  : 

E i s  the d i f f e rence  between the ac tua l  average and the expected value, 

d i v ided  by the expected value, f i s  the turbulence l e v e l ,  t h a t  i s  t he  

Root Mean Square (RMs) value o f  the f l u c t u a t i n g  ve$oeI%y d i v ided  by the 

expected value E { V )  o f  the v e l o c i t y ,  N I s  the number of  samples 

averaged upon, 

The turbulence measurements described i n  the f o l l o w i n g  sec t i on  have 

po in ted  ou t  a turbulence inkenslty ~f 10 t o  15% f o r  the r e l a t i v e  

v e l o c i t y  W, 75 t o  80% i n  the r a d i a l  d i  r e c t l o n  (based on mean r a d i a l  



v e l o c i t y ) ,  and 15 t o  20% I n  she tangen t ia l  d i r e c t i o n ,  The corresponding 

est imate f o r  the p r e c i s i o n  E is ,  according t o  equatton 23 and w i t h  

N = 80, 

] , I 2  t o  %,7% f o r  bJ 

8,35 t o  9% f o r  V r 

4.5% fo r  V Z  

1.67 t o  2.24% f o r  W e  

TheoretPcalBy, these values may seem smaP% and q u i t e  acceptable, How- 

ever,  dur ing  the course o f  the experiment some qua1 l t a t i v e  B i m i  t a r i ons  

were noei ced, These % % m i  t a t i o n s  are: 

1 )  I t  was po in ted  out  i n  sec t l on  3,2,2 t h a t  the re%afPonshBp (22) 

has t o  h o l d  i n  o rder  POP the samples 'taken to  be a t  a f i x e d  PocatPon 

between the b ladeso D i g i t i z i n g  sate and analog rape recorder speeds are  

known t o  be accurate, However the inducer rpm can on l y  be h e l d  f i x e d  a t  

k 1/10 o f  a rpm o f  the nominal r o t a t i v e  speed (450 rpm) This could 

have Bed t o  a corresponding maximum s h i f t  of 2,3O i n  the (3 l oca t i on  o f  

the samples over rhe e n t i r e  averaging per iod ,  This  represents 2 per 

cent o f  the  blade spacing, Since the v e l o c i t y  g rad ien ts  are nor very 

large, a change I n  1/10 o f  a RPM dur ing  the sampling tame Ps u n l i k e l y  t o  

in t roduce any appreciable e r r o r ,  

2 )  One o f  the very Important l i m i t a t i o n s  o f  t h i s  method BPes i n  

the fas t  t h a t  a three w i r e  sensor can on l y  de tec t  the magnitudes sf  he 

f low aPong each coordinate d i r e c t i o n  w i thou t  p rov id ing  any i n d i c a t i o n  as 

t o  the d i r e c t i o n s  o f  the v e l o c i t y ,  This  i s  p a r t i c u l a r l y  t r u e  f o r  the 

r a d i a l  component o f  the v e l o c i t y  which is expeeted t o  reverse ins ide  the 

passage near the blade t i p ,  





3 0 3 . 4 ,  Blade to Blade D P s t f l b u r I o n  of leme Averaged Veloc%sges a t  

The E x i t o  

The b lade  to  b lade  v a r i a t i o n s  sf the izhree eornpsnenrs o f  t he  abso- 

l u t e  v e l a c i t y  a t  s t a r i o n  2a(F ig ,  (80) )  a re  ob ta ined  a t  seven r a d i i ,  

The values a t  four  t y p i c a l  r a d i i  near hub (R = 0582')9 mid rad ius  ( R  = 

.752) , t P p (R = 0920) and ha1 fway between mid r a d i  us and t i p  ( R  = ,860) 

a r e  shown p l o t t e d  i n  F!gures (13, $ 4 ,  95, 16) i r e s p e c t l v e ~ y ,  !n these 

f i g u r e s  t he  b l ade  l o c a t i o n s  a r e  i d e n t i f i e d  on the  bas i s  o f  the  measure- 

ment o f  tu rbu lence  i n t e n s i t i e s  which a re  l i k e l y  t o  be max%mum ac the 

cen te r  o f  t he  wake, 

I )  Rad ia l  VelocBty 

The b lade  t o  b lade  d i s t r i b u t i o n  o f  r a d i a l  v e P o c ~ t l e s  de r i ved  f rom 

h o t  w i r e  measurements a re  p l o t t e d  In Figures  (83a, l4a ,  85a, 1ba) f o r  

R = .582, 0752, .860, .960 respectBvely ,  The r a d i a l  v e l o c i t y  d i s t r i -  

butPon near  t he  hub (R = .582),  p l o t t e d  I n  F ig ,  ( I g a ) ,  i s  a lmost  

l i n e a r l y  decreas ing f rom pressure  to s u c t i o n  su r f ace  except  i n  a smal l  

reg ion  near  t h e  b lade  sur facea  The r a d i a l  v e l o c i t y  o u t s i d e  t he  b lade  

su r f ace  reg ion  can be a t t r i b u t e d  t o  b lade  blockage, A t  R - 0,752, t h e  

r a d i a l  v e l o c i t y  d l s t r s b u t l s n  norma l l y  encounrered i n s i d e  the boundary 

l a y e r  o f  a  r o t a t i n g  b lade  can be observed ( ~ l g ,  ( 8 4 ~ 1 ) )  a The r a d i a l  ve lo -  

c i t y  i s  maximum very near t he  b lade  sur faces  and i s  o f  apprec iab le  mag- 

n i t u d e  a t  a l l  ocher reg ions ,  The t r e n d  i n  r a d i a l  v e l o c i t y  observed g i ves  

no i n d i c a t i o n  as t o  the  presence sf a r a d i a l  inward flowa 

A t  R = 0,860, the  maximum r a d i a l  v e l o c i r y  occurs near the  s u c t i o n  

sur face ,  I t  shou ld  be emphasized here  chat the  h o t  w i r e  sensors can 

de tec t  o n l y  the  magnitude and n o t  the  d i r e e r i o n  o f  the r a d i a l  v e l o c i t y ,  

Hence I t  i s  q u i t e  probable t h a t  a smal l  reg ion  w i t h l ~  the passage beyond 



the  p o i n t  A (F ig ,  (15a)) has r a d i a l  i n f l o ~  as csmpared eo r a d i a l  ou r f l ow  

a t  a l l  o t h e r  reg ions,  The t u f t  probe mounted a t  the  e x i t  does revea l  

the  presence o f  r a d i a l  inward %lo& a t  c h i s  rad fbs ,  Thus the peak 

observed a t  p o i n t  B I n  F ig ,  (05a) might  represent  t he  magnitude o f  the  

maximum r a d i a l  inward ve Ioc% ky, 

The r a d i a l  v e l o c i t y  d i s t r i b u t i o n  p l o t t e d  i n  F i g ,  (16a.l f o r  R = 0,920 

shows the  presence o f  l a rge  r a d i a l  inward f lowo The maximum r a d i a l  

v e l o c i t y  reg ion  corresponds t o  t he  mid passage, I n  an e a r l i e r  r e p o r t  

( r e fe rence  59, a p o s s i b i e  exp lana t i on  f o r  the  ex i s tence  o f  minimum r e l a -  

t i v e  v e l o c i t y  i n s i d e  the  b lade  passage i s  g i veno  Th i s  r eg ion  corresponds 

t o  the  l o c a t i o n  where t he  r a d i a l  Onward f l o w  I s  max%mum, 

The b lade  boundary l a y e r  region % a  which the  r a d i a l  o u t f l o w  occurs 

i s  smalP, Th i s  i s  conf i rmed by r o t a t i n g  probe measurements t o  be 

descr ibed  l a t e r  (see F i g ,  [B%b)) ,  

A l s o  apparent f rom F ig ,  ( $3a ,  14a, 15a, 16%) Ps the  f a c t  t h a t  t h e  

magnirude o f  the  r a d i a l  v e l o c i t y  increases from hub t o  t i p ,  % E  can be 

seen f rom F i g ,  (14aZ t h a t  t he  s u c t i o n  su r f ace  boundary l a y e r  i s  l a r g e r  

than t h a t  o f  the  p ressure  s u r f a c e ,  A l s o  the  r a d i a l  ourward f lows i n s i d e  

t he  p ressure  and s u c t i o n  su r f ace  boundary Sayers decrease towards the 

t i p  (compare F igures  (B5a) and (86a1, 

The r a d i a l  ve1oc; t les  ve ry  nea~r the s u c t i o n  and p ressure  sur faces 

d e r i v e d  from rhe  measbfement o f  the l ImP t i ng  s t r eam l i ne  angle E (see 
W 

s e c t i o n  3.5.1) a r e  ~ h w n  p l o t t e d  Pn F i g o  (14a, PSa, 16a) and csmpared 

w i t h  hor  w i r e  measurementso The discrepancy observed i s  w i z h i n  expe r i -  

mental e r r o r ,  

ip I t  Ps t o  be n o t i c e d  here t h a t  ehe g rad ien t  I n  r a d i a l  vePoc i ty  - 
r a 8 

is n o t  as l a rge  as measured by Jabbat-, ( % )  on a rotating helical b l a d e ,  



Since the  tu rbu lence  lewei i s  high,  the boundary layer wakes a r e  likely 

t o  d i f f u s e  very  fasc  as rhe f l a w  proceeds downstream, thus cons iderab ly  

decreas i ng she v e l o c i  og geadPents b rhe xangentFa9 da r e c t i o n "  

Furthermare, t he  r a d i a l  vePocBt&es p l o t t e d  i n  F ig ,  ( I % % ) ,  f 84a) ,  

( $ 5 a ) ,  (16%) a r e  o f  t he  same o r d e r  o f  magnitude as the  a x i a l  veBoe l t i es ,  

2) Abso lu te  Tangent ia l  and A x i a l  V e l o c i t y  DBsxrPbutBon 

The abso lu te  t a n g e n t i a l  v e l o s l  t y  near  the  hub (R = ,5821, m i d  rads us 

(R = .%52), ha l fway between mid rad ius  and t i p  (R = 0860) ,  and a t  the 

t i p  (R  = "920) a r e  s h w n  p l o t t e d  I n  Figures  ( l a b ) ,  ('84b), (E5b), (16b) 

r e s p e c t i v e l y ,  The d%s?rPbutPon observed i s  g e n e r a l l y  uniform w i t h  maxf- 

mum t a n g e n t i a l  v e l o c i t y  a t  the  b lade  E o c a t l ~ n s  f rom hub t o  mid rad ius ,  

A t  R = 0,86 and 0,92 ( ~ i g ,  P5b, 16b) where t he re  i s  a %BkeP!Rood o f  

r a d i a l  inward f l o w  ou t s i de  t he  b lade  boundary l aye rs ,  the  tangeneSa1 

v e l o c i t y  i s  maximum w l s h i n  ehe b lade  passage, A l s o  shown p l o t t e d  i n  

F igures  (83b),  ( $4b ) ,  (P5b), ( i 6 b )  a re  t he  a x i a l  veYoePty d F s r r l b ~ ~ t l o n s ~  

The b lade  r o  b lade  p r o f i l e s  a r e  a l s o  s u r p r i s i n g l y  very  un i form,  w i t h  

minimum a x i a l  v e l o c ~ t ~ e s  a t  t he  b lade  loea t lons ,  as apparent i n  F ig ,  

% I 4 b ) ,  

3) R e l a r i v e  V e l o c i t y  

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

r a d i a l  p o s i t i o n s  reporced hare  a r e  shown p l o t t e d  i n  F i g o  ( l a b ) ,  ( I hb ) ,  

(15b),  ( $ 6 b ) ,  From hub t o  mid rad ius  the  maximum r e l a t i v e  v e l o c i t y  i s  

l oca ted  approx imate ly  a t  mid b lade  passage, whereas f rsm mid radi us r o  

t i p  the maximum occurs near the  b lade  l oca t i ons ,  A l s o  p l o t r e d  on these 

F%gures  i s  the r e l a c l v e  v e l o c i t y  d l s t r l buePon  ob ta ined  from ro ra t ! ng  

probe measurements (see seer i o n  3 , 4 ) ,  A $  rhough t he re  i s  a  d iscrepancy 

I n  magnirude between the two measuremenrs e s p e c i a l l y  neas she epp, t he  



t r end  observed Is sPmP$aro The reason f o r  thPs d iscrepancy between t he  

two measurements i s  g i ven  i n  s e c t i o n  3 0 3 , 5 0  

3.3.5 ,  Passage Averaged Values o f  VelocFr!es a t  the  E x i t  

The b lade  t o  b lade  v e l o c i t i e s  discussed I n  s e c t i o n  3 , 3 , 4  a r e  

averaged over  t he  b lade  passage, These a r e  p l o t t e d  I n  FPg, (82a),(12b) 

and compared W %  CR s t a t i o n a r y  and r o t a t  P ng probe measurements repor ted  

l a t e r ,  The good agreement between t he  a x i a l  v e l o c i t y  p r o f i l e  a r  s t a t i o n  

2a der P ved f rom O nstantaneous v e i o c %  t y  measurements and s t a t  i sna ry  probe 

( s e c t i o n  3,2) Is e v i d e n t  f rom F ig ,  (P2a)- A lso  e v i d e n t  from t h i s  f i g u r e  

i s  the  f a c t  t h a t  the  r a d i a l  v e l o c i t y  measured i s  o f  t he  same o r d e r  o f  

magnitude as the  axgal  ve Ioc8 ty  and incheases f rom hub t o  t i p ,  i t  i s  t o  

be noted here t h a t  rhe  average r e f e r s  t o  / v  I and n o t  Tr. 
r 

The magnitude o f  averagedradia l  v e l o c i t i e s  ( 1 ~ 7 )  p l o t t e d  i n  F ig .  

(12a) con f i rms  t he  e a r l i e r  conclusion t h a t  the  v i s c i d  and r e a l  f l u i d  

e f f e c t s  accounr f o r  much of t he  f low c h a r a c t e r i s e i c s  a t  e x %  t o  Shown 

p l o t t e d  I n  F i g ,  (12b) I s  the r a d i a l  d i s t r i b u t i o n  sf abso lu te  t a n g e n t i a l  

v e l o c i t y  a t  s t a t i o n  2a compared wPth s t a t i o n a r y  probe measurements, 

A l though the  t r e n d  o f  the  two measurements is t he  same, w i t h  a l a rge  

p o s i t i v e  g r a d i e n t  near the t i p ,  ehere i s  app rec iab le  discrepancy between 

the two measurements- Pa r t  o f  t h i s  discrepancy Ps due t o  the f a c t  t h a t  

the  s t a t i o n a r y  probe reads the  r e s u l t a n t  o f  the tangent la1  and r a d i a l  

v e l o c i  t y  (when t he  r a d i a l  v e l o c i  t i e s  a r e  smal l  compared t o  rangenr l a1  

v e l o c i t i e s )  wf r hou t  p r o v i d i n g  any means o f  d e r l v i n g  them separa te ly ,  

T h i s  accounts f o r  about h a l f  o f  the  discrepancy beeween the two measure- 

ments, The remain ing discrepancy must be a t t r i b u t e d  to  the experimental 

e r r o r ,  One p o s s i b l e  souree o f  e r r o r  i s  due t o  the  sens8cigPty o f  rhe 





The accuracy o f  these t u r b u l e n r  I n t e n s i t i e s  which a re  based on o n l y  

e i g h t y  samples i s  g i ven  i n  s e c t i o n  3.3.3, 

The t u r b u l e n t  i n t e n s i t y  components a re  shown p l o t t e d  from b lade t o  

b lade  a t  R = .752, ,860, .920 i n  F igures  (P3c and d, 14c and d, 15c and 

d, 16c and d) r e s p e c t i v e l y ,  

The Rad ia l  Component TR 

The r a d i a l  component o f  the  tu rbu lence  i n t e n s i t y  shown p l o t t e d  On 

F i g o  (13d), (14d),  (15d),  (16d) f o r  R = .582, 0752, .8600 .920 respec- 

t i v e l y  i s  n e a r l y  un i f o rm  f rom b lade  t o  b lade,  However, near t he  hub 

(Fig. (P3d)) t he  maximum i s  w e l l  marked a t  the b lade  Pocatlons and t h e  

t u r b u l e n t  i ntens i t y  increases from s u c t i o n  t o  p ressure  sur face ,  whereas 

near t he  t i p  the  d is t rPbutPon i s  more un i f o rm  ( F i g ,  (P6d)) ,  The passage 

averaged t u r b u l e n t  i n t e n s i t y  I n  the  r a d i a t  d i r e c t i o n  increases from 

about 70% near  t he  hub t o  75% a t  mid rad ius  and t i p ,  A s l i g h t  maximum 

o f  78% i s  found between mid rad ius  and t i p ,  F i g ,  (15d),  Th i s  I s  cons is-  

t e n t  w i t h  t he  obse rva t i on  t h a t  t he re  % s  l a r g e  f l o w  m ix i ng  due t o  the  

i n t e r a c t i o n  between the  p ressure  and s u c t i o n  su r f ace  boundary Sayers 

somewhere between mid rad ius  and t i p o  

The A x i a l  Component TZ 

The a x i a l  component o f  the  tu rbu lence  i n t e n s i t y  Is shown p l o t t e d  i n  

F i g .  ( 1 3 ~ ) ~  ( 1 4 ~ ) ~  (15c) ,  ( $ 6 ~ )  a t  the  same r a d i a l  s t a t i o n s  as above, 

Near t he  hub peaks i n  t u r b u l e n t  i n t e n s i t y  a re  apparent a t  the b lade  

l o c a t i o n s ,  whereas near the  t i p  i t  appears t o  be randomly d i s t r i b u t e d ,  

Turbulence i n t e n s i t y  i n  the a x i a l  d i r e c t i o n  appears t o  be approx imate ly  



constant from hub t o  t i p  around 40%, w i t h  a  s l i g h g  maximum of  43% i n  the 

boundary l aye r  I n f e r a c t i o n  reg ion  located between mid radius and t i p ,  

The Tangent ia l  Component To 

Shown p l o t t e d  i n  F ig ,  ( % 3 c ) ,  (14c), ( 9 5 ~ ) ~  ( $ 6 ~ )  is the tangen t ia l  

component of  the tu rbu ien t  i n t e n s i t y ,  Much more un i fo rm ly  distributed 

than the components I n  the r a d i a l  and a x i a l  d i r e c t i o n s ,  the tangen t ia l  

component i s  approximately constant  from hub t o  t i p  around 20%, w i t h  a  

s l i g h t  maximum a t  the blade loca t ions .  

Turbulent  Intens9 t y  T  
W 

The turbulence i n t e n s i t y  o f  the r e l a t i v e  f l ow  i s  shown p l o t t e d  i n  

F ig .  (P3d), (14d), (15d), (16d) a t  the same fou r  r a d i a l  s t a t i o n s  from 

hub t o  t i p ,  The d i s t r i b u t i o n  seems t o  be very uneform from blade t o  

blade across the wake, The i n t e n s i t y  Ps approxBmatePy constant from hub 

t o  t i p  around 148, 

One sf  the major eonciusions from these r e s u l t s  i s  t h a t  the f l ow  i s  

genera l l y  very tu rbu len t ,  The r a d i a l  and a x i a l  components o f  the 

turbulence are  maximum somewhere between the mid radius and t i p ,  i t  was 

a n t i c i p a t e d  t h a t  the mix ing and la rge  r a d i a l  motions due t o  boundary 

l aye r  ' in teract ions a t  these l oca t i ons  o f  the blade passage would show 

a  subs tan t i a l  change 'in f low p rope r t i es  from the r e s t  o f  the blade 

passage, This  i s  confirmed by t h i s  experiment, 



To f i n d  the  f l o w  p r o p e r t i e s  i n s i d e  the  b lade  passage the  f l o w  i s  

surveyed a t  s t a t i o n  2 (F lg ,  (10))  us i ng  a  r o t a t i n g  p i t o r  tube and a  

pressure t r a n s f e r  dev ice  descr ibed  i n  sec t i ons  S O P  "2 ,  3 . 1 . 4 .  The 

s tagna t i on  head o f  the  r e l a t i v e  f l o w  f rom b lade  t o  b lade  i s  de te r -  

mined a t  t e n  r a d i a l  l o c a t i o n s  a t  s t a t i o n  2, The s t a t i c  pressures $ a t  s  

correspondi  ng r a d i  i a r e  taken f rom ho les  drP P l e d  on the  p ressure  and 

s u c t i o n  sur faces ,  These s t a t i c  pressures a r e  assumed t o  vary  l i n e a r l y  

f rom pressure  t o  s u c t i o n  sur face ,  The r e l a t i v e  v e l o c i r i e s  a re  then 

de r i ved  f rom ($T)R and $ s o  

The b l ade  t o  b lade  d i s t r i b u t i o n s  o f  t he  s tagna t i on  head o f  the  

r e l a t i v e  f low and the  s t a t i c  p ressure  c o e f f i c i e n t  a t  10 r a d i a l  s t a t i o n s  

f rom hub t o  t i p ,  a t  s t a t i o n  2 (F ig ,  (PO)) ,  a re  shown i n  F ig ,  (17%- j )  

A l s o  shown p l o t t e d  on these f i g u r e s  i s  t he  corresponding r e l a t i v e  

v e l o c i t y ,  

The usual  f l o w  t u r n i n g  e f f e c t  i n  a d d i t i o n  t o  the  boundary l a y e r  

growth on the  b lade  can be seen f rom the  r e l a t i v e  v e l o c i t y  p l o t s  f o r  

R = 0,506 through R = 0,720 (F' igures 1 7 f  - j ) ,  The boundary l a y e r  

growth on t he  s u c t i o n  su r f ace  i s  g e n e r a l l y  h i g h e r  than t h a t  o f  the pres-  

sure sur face,  However I t  seems t h a t  t he  ex ren t  o f  the  pressure and 

s u c t i o n  su r f ace  boundary Payers have dlmlnFshed cons iderab ly  compared t o  

the  f o u r  b laded inducer  (Ref. 5),  F igures  (17a) ,  (87d),  ( % 7 j ) ,  From hub 

t o  about m id  rad ius  F ig ,  ( 17 f  - j), the b lade  t o  b lade  distribution o f  

r e l a t i v e  s t a g n a t i o n  head i s  u n i f o r m l y  d i s t r i b u t e d  and r a t h e r  constant ,  

whereas f rom mid rad ius  t o  t i p  i t  decreases f rom pressure  t o  s u c t i o n  

su r f ace  F i g ,  (P7a - e) 



The r e l a t i v e  v e l o c i t y  increases from pressure sur face t o  suc t ion  

surface from hub t o  mid radius due t o  the usual f l ow  eurning e f fece  

(F ig ,  17f  - j ) ,  where as from mid radius t o  t i p  a minimum i s  no t iceab le  

w i t h i n  the passage located nearer t o  the suc t i on  surface (F ig,  17a - e) , 

Also, i t  can be seen from F ig .  ( l ad )  t h a t  the t rend  o f  the r e l a t i v e  

v e l o c i t y  i s  unusual i n  t h a t  i t  decreases from pressure t o  suc t i on  SUP- 

face, This  d i s t r i b u t i o n  o f  r e l a t i v e  v e l o c i t y  i s  unconvent ional,  and i s  

probably caused by the i n t e r a c t i o n  e f f e c t  between the blade boundary 

layers which generatesa la rge  r a d i a l  inward f l ow  w i t h i n  the blade pas- 

sage. The v a r i a t i o n s  i n  r a d i a l  v e l o c i t i e s  from blade t o  blade are thus 

large, causing the type o f  p r o f i l e  observed 'in F i g o  (17a - d) .  This 

e f f e c t  i s  most no t iceab le  a t  radius R = ,808,Fig. ( l ad ) ,  where the r a d i a l  

inward f l ow  I s  l i k e l y  t o  be maximum w i t h i n  the b lade passage, S i m i l a r  

conclusions are  reached from instantaneous v e l o c i t y  measurements and the 

r e l a t i v e  v e l o c i t i e s  obta ined by both methods are  shown compared Pn 

Figures ( lab ,  ITe, and lab), I t  i s  t o  be observed t h a t  r a d i a l  ve loc9t ies  

and tu rbu len t  i n t e n s i t i e s  (TR, T ) are maximum here (see Figures 15a, z 

15c), A1  though the t rend observed i s  the same, the discrepancy between 

the two measurements has been expla ined i n  sec t i on  3 0 3 0 5 ,  and i s  p a r t l y  

due t o  experimental  e r r o r ,  

The three bladed and f o u r  bladed inducer r e s u l t s  a re  compared On 

Figures (17a, d, j ) ,  I t  can be observed from these f i g u r e s  t h a t  w h i l e  

the s t a t i c  pressure c o e f f i c i e n t s  have increased from three t o  f o u r  

bladed inducer,  the s tagnat ion  head o f  the r e l a t i v e  f l ow  has near ly  

remained the same, Consequently, a decrease in r e l a t i v e  ve%ocPty i s  

observed i n  the case of  three bladed inducer (see Figures ( ]?a,  d, $ ) ,  



Also, the head and r e l a t i v e  v e l o c i t y  p r o f i l e s  are  more uni form than i n  

the case o f  the f o u r  bladed inducer from hub t o  mid rad ius ,  

3 0 5 0  Flow VPsuaIPzatPon Method 

As expla ined i n  reference(b),a knowledge o f  the l i m i t i n g  s t reaml ine  

angles on the blade sur face prov ides very usefu l  ln fosmat ion on the 

nature and magnitude o f  the r a d l a l  f lows and the d i r e c t i o n  o f  the w a l l  

shear s t ress ,  With a  view t o  o b t a i n  t h i s  in fo rmat ion  f o r  a  f u t u r e  

t h e o r e t i c a l  s o l u t i o n  o f  the f low,  an attempt i s  made t o  de r i ve  these 

angles by ammonia s t reak  technique and smoke produced by rBtanPum 

t e t r a c h l o r i d e ,  

1)  L i m i t i n g  Streamline Angle on the Blades, 

The method o f  d e r i v i n g  the l i m i t i n g  s t reaml ine  angle on the blades 

a t  the leading edge has been described i n  reference 3 0  A s o l u t i o n  o f  

t i t a n i u m  t e t r a c h l o r i d e  and carbon t e t r a c h l o r i d e  i s  prepared, When 

exposed t o  the a i r f l o w ,  t h i s  s o l u t i o n  generates a  whi te,  dense smoke 

capable o f  being photographed. The mix ture  i s  brushed on the sur face o f  

the b lade and photographs are  taken w h i l e  the blade i s  rotating, The 

d e f l e c t i o n  o f  the smoke f i l amen t  from the tangen t ia l  d i r e c r i o n  gives an 

i n d i c a t i o n  o f  ew. The r e s u l t s  o f  t h i s  measurement a t  the leading edge 

are  shown p l o t t e d  i n  Fig. (18) and compared w i t h  f o u r  bladed inducer 

resul ts .  eW i s  seen t o  be decreasing 1 i n e a r l y  from hub t o  t i p ,  where i t s  

value reaches near ly  zero, S u r p r i s i n g l y  E a t  the leading edge i s  lower 
W 

than i n  the ease o f  the f o u r  bladed inducer,  

The second method t o  de r i ve  the l i m i t i n g  s t reaml ine  angle a t  e x i t  

I s  the ammonia s t reak  f i lament  method, The s t a t i c  pressure holes 

d r i l l e d  on the sur face o f  the blade (see sec t ion  3,1 , I )  are used i n  



combination w i t h  the ammonia t r a n s f e r  device, A small amount o f  ammonia 

gas a t  low v e l o e i t l e s  i s  fed i n t o  the tubes a t  var ious tangenr ia l  and 

r a d i a l  l oca t i ons  o f  the blade surface, A sheet s f  o z a l i d  paper sensi-  

t i v e  t o  ammonia I s  pasted along the edges o f  the s t a t i c  holes and traces 

of ammonia are  recorded on the o z a l i d  paper w h i l e  the  inducer i s  i n  

r o t a t i o n o  The r e s u l t s  of the measurement o f  e a t  t r a i l i n g  edge on 
W 

suc t ion  and pressure surface are  shown i n  F ig ,  (18) and compared w i t h  

the four bladed inducer r e s u l t s ,  E on the suc t i on  sur face I s  seen t o  
W 

decrease from 50' a t  mid radius t o  zero a t  t i p  near the t r a i l i n g  edge, 

I t s  value i s  genera l l y  h igher  than the corresponding ew f o r  the fou r  

bladed inducer,  where as E~ i s  lower on the pressure sur face,  Fur ther-  

more, the magnitudes o f  ew a re  genera l l y  h igher  than those observed on a 

s i n g l k  he1 i c a l  blade, ( reference 3 ) ,  These r e s u l t s  suggest t h a t  r a d i a l  

ve loc l  t i e s  encountered i n  inducer passages, where cons P derable ve loc i  t y  

and pressure gradients e x i s t  On a %  1 d i r e c t i o n s ,  a re  genera l l y  h igher  

than those observed on a s i n g l e  h e l i c a l  blade, 

2) T u f t  G r i d  a t  E x i t  

The maximum dev ia t i on  o f  the streamlines Prom the cy l%ndrPca% 

sur face (E ) ,  ou ts ide  the blade boundary Payer regions, and obta ined 
0 

from a t u f t  g r i d  mounted a t  e x i t  o f  the inducer I s  shown p l o t t e d  i n  

F ig,  (P8), A1 though there are  appreciable r a d i a l  inward f lows from mid 

radius t o  t i p ,  t h e i  r magnl tudes are  general I y  lower than those o f  the 

fou r  bladed Inducer, This  conf irms the e a r l i e r  observat ion t h a t  the 

blade boundary l a y e r ' s  i n te rac f  ion  e f f e c t s  can be seduced by decreasing 

the  s o l i d i t y  s f  the inducer,  



Ax ia l  Ve loc i t y  

The o u t l e t  r a d i a l  d i s t r i b u t i o n  o f  a x i a l  v e l o c i t y  der ived from 

s t a t i o n a r y  probe measurements shown p l o t t e d  i n  F ig .  (19b) a t  several  

a x i a l  s t a t i o n s  i n d i c a t e  tha t  the backf low region near the hub o r i g i n a t e s  

a t  the t s a l  l i n g  edge and extends downstream. The f l ow  separat ion none 

reaches 50% o f  the annulus reg ion  f a r  down stream o f  the inducer,  A 

la rge  f l ow  r e d i s t r i b u t i o n  i s  seen t o  occur between s t a t i o n s  3 and 4, 

probably due t o  l a rge  a x i a l  g rad ien ts  i n  r a d i a l  v e l o c i t y .  The a x i a l  

v e l o c i t y  pe r tu rba t i on  a t  e x i t  obta ined from the b lade blockage ana lys is  

o f  sec t i on  2,8,plotted i n  F ig,  19b,seems t o  i n d l c a t e  t h a t  b lade blockage 

e f f e c t s  a re  no t  n e g l i g i b l e  i n  the case o f  the Penn Sta te  inducer,  

Furthermore, the q u a l i t a t i v e  t rend  o f  the d i s t r i b u t i o n  1% p red i c ted  a t  

s t a t i o n s  3 and 4, thus accounting f o r  the p a r t  o f  the change i n  a x i a l  

v e l o c i t y  downstream. The agreement between instantaneous v e l o c i t y  and 

s t a t i o n a r y  probe measurements f o r  the a x i a l  v e l o c i t y  Bs good ( ~ P g u r e  P2aI0 

The comparison between measured a x i a l  v e l o c i t y  a t  s t a t i o n  4 and the 

p red i c ted  values der ived from the exact i n v i s c i d  ana lys is  described On 

sec t i on  2,2,2 shows t h a t  the th ree  dimensional i n v i s c i d  e f f e c t s  on a x i a l  

v e l o c i t y  a re  no t  smal P a However, the three dimensional i n v i s c i d  s o l u t i o n  

does n o t  p r e d i c t  the back f l ow  near the hub and the very steep grad ien t  

near the t i p .  This  shows t h a t  an accurate p r e d i c t i o n  o f  the f low a t  the 

e x i t  o f  inducers has t o  'include v i s c i d  e f f e c t s o  I n  an e a r l i e r  repors 

(references 4, 5 )  I t  I s  argued t h a t  a l l  the dev ia t ions  i n  a x i a l  v e l o c i t y  

a re  due t o  v i s c i d  e f f e c t s *  The present analyses rend t o  i n d i c a t e  t h a t  



t h i s  i s  n o t  q u i t e  t r u e  and t h a t  t h r e e  dimensional  i n v i s e i d  e f f e c t s  

account f o r  some o f  the dev ia t i ons .  The b lade  t o  b lade  v a r i a t i o n  o f  

a x i a l  v e l o c i t y  i s  ve ry  un i fo rm ax a l l  r a d i i  f rom hub t o  t i p ,  w i t h  a  

s l i g h t  minimum a t  the b lade l o c a t i o n ,  F i g ,  ( ISb ) ,  The a x i a l  component 

o f  t he  t u rbu lence  ! n t e n s l t y  f rom b lade  t o  b lade  a t  e x i t  and a t  severa l  

r a d i  i i s  a l s o  s u r p r i s i n g l y  un i f o rm  throughout  the  b lade  passage w i  t h  

va lue  around 40%, 

Radia l  V e l o c i t y  - 
The averaged r a d i a l  v e l o c i t y  ( 1 ~ ~ 1 )  a t  s t a t i o n  2a increases from 

hub t o  t i p ,  F i g .  (12a) .  The r a d i a l  v e l o c i t i e s ,  de r i ved  f rom t h r e e  

dimensional  h o t  w i r e  measurements, a r e  found t o  be o f  the same o r d e r  o f  

magnitude as the  a x i a l  v e l o c i t y  i n  the  e n t l  r e  passage, The depar tu re  

between t h e  p r e d i c t e d  ( ~ i g ,  ( 4 ) )  and t he  measured r a d i a l  velocPtBes a t  

o u t l e t  Is very  l a rge ,  A major reason f o r  t he  ex i s tence  o f  t he  r a d i a l  

v e l o c i t y  in t he  passage i s  due t o  v i s c i d  and r e a l  f l u i d  e f f e c t s ,  The 

b lade  t o  b l ade  d i s t r i b u t i o n  o f  r a d i a l  v e l o c i t y  between mid rad ius  and 

t i p ,  F i g .  (15a), ( $ 6 a ) ,  i s  found t o  be c h a r a c t e r i s t i c  o f  t h ree  

dimensional  boundary l a y e r  i n t e r a c t i o n  e f f e c t s ,  The f l o w  vPsualBzatPon 

i n d i c a t e s  t he  presence o f  l a r g e  r a d i a l  outward f l o w  w i t h i n  the b lade 

boundary Payers and r a d i a l  inward f l o w  w i t h i n  the  b lade  passage f rom 

mid rad ius  t o  t i p o  These measurements c o n f i r m  the r e l i a b i l i t y  o f  the  

r a d i a l  v e l o c l  t y  p r o f  i 3es de r i ved  f rom h o t  wP r e  measurements (see F ig ,  

(15a),  ( l 6 a ) ) ,  These resuP t s  show t h a t  the  r a d i a l  v e l o c i t i e s  encountered 

I n  inducers a re  o f  t he  same o r d e r  o f  magnitude as the a x i a l  v e l o c i t y ,  

a t  l e a s t  near t he  e x i t  o f  the  b lade  passage, 



Absolute Tangential  V e l o c i t y  

The r a d i a l  d i s t r i b u t i o n  o f  absolute tangen t ia l  v e l o c i t y  ind ica tes  a  

steep r i s e  I n  che values near the t i p  (F"Fg, ( 1 9 ~ ) ) ~  Furthermore, there 

I s  considerable change I n  the tangen t ia l  v e l o c i t y  as the f l ow  proceeds 

downstream. Fig,  (4) shows the comparison between the p red i c ted  tan- 

g e n t i a l  v e l o c i t y  a t  e x i t  us ing  the three dimensional ana lys is  o f  sec t i on  

2,2,2, and the experimental va lue a t  s t a t i o n  3 ,  The p red i c t i ons  are 

good from hub t o  mid radius w h i l e  the discrepancy I s  la rge  near the t i p ,  

Hence I t  i s  obvious t h a t  accurate p r e d i c t i o n  o f  the tangen t ia l  v e l o c i t y  

p red i c ted  by the approximate v i s c i d  ana lys is  o f  sec t i on  2,3 agrees w e l l  

w i th  the experiment ( ~ i g .  ( 8 ) ) ,  thus showing the v a l i d l  t y  o f  the pres- 

sure loss c o e f f i c i e n t  der ived i n  reference (4) and p l o t t e d  i n  F ig ,  (71, 

There I s  some discrepancy between the tangent l a l  ve%oc% t ies der ived from 

ho t  w l r e  measurements and the s t a t i o n a r y  probe, F ig ,  (12b), Par t  o f  i t  

i s  due t o  the f a c t  t h a t  s t a t i o n a r y  probes sense bo th  the r a d i a l  and 

tangen t ia l  v e l o c i t y  and the remaining could be a t t r i b u t e d  t o  the exper i -  

mental e r r o r ,  s ince the c o r r e c t i o n  f a c t o r  f o r  the dev ia t i on  o f  the cosine 

law used I n  ho t  w i  r e  measurements I s  no t  known very accura te ly  f o r  t h i s  

p a r t i c u l a r  case. The blade t o  blade d i s t r i b u t i o n  o f  absolute tangen t ia l  

v e l o c i t y  i s  found t o  be un i fo rm throughout the blade passage a t  e x i t ,  

F i g o  (13b), (Pbb), ( ISb) ,  (16b), w i t h  maximum values a t  the blade 

l o c a t i o n  from hub t o  mid radius,  The maximum tangen t ia l  v e l o c i t y  occurs 

ou ts ide  the blade boundary l aye r  near the t i p  region.  The tangent ia l  

component o f  the tu rbu len t  i n t e n s i t y  has a  maximum value o f  22% I n  the 

boundary Payer i n t e r a c t i o n  zone which i s  located between mid radius and 

t i p -  



Re la t i ve  Veloei t y  

The r e l a t i v e  v e l o c i t y  increases from hub t o  about mid radius and i s  

very c lose t o  the design Q ~ I U ~ S  (F ig ,  ( l 2 b ) ) ,  From mid radius t o  t i p ,  

the departure between the design and measured values i s  very l a rge  thus 

i n d i c a t i n g  a major f low departure and l a rge  mix ing  losses i n  t h i s  region. 

The discrepancy between the r o t a t i n g  probe and hot  w i r e  measurements f o r  

the r e l a t i v e  v e l o c i t y  i s  due t o  the d i f f e rences  i n  the methods exp la ined 

e a r l i e r ,  I t  should a l so  be noted t h a t  the r o t a t i n g  probe measurements 

are taken w i t h i n  the passage a t  s t a t i o n  2, w h i l e  the ho t  w i r e  measure- 

ments a t  s t a t i o n  2a are taken ou ts ide  the blade passage, Thus, p a r t  o f  

the discrepancy i s  more apparent than rea l  due t o  the f low r e d i s t r i b u t i o n .  

The blade t o  blade v a r i a t i o n  o f  r e l a t i v e  v e l o c i t y ,  shown p l o t t e d  On F ig .  

(13b), (14b), (15b), (16b) f o r  f o u r  r a d i a l  s t a t i o n s  a t  e x i t ,  i s  nea r l y  

uni form i n d i c a t i n g  the f a s t  decay o f  the blade wakes" From hub t o  mid 

radius,  the maximum value f o r  the r e l a t i v e  v e l o c i t y  seems t o  occur near 

the blade l oca t i ons .  

The turbulence i n t e n s i t y  o f  the r e l a t i v e  f l ow  shows a un i fo rm t rend 

near the t i p ,  whereas maximum values a t  the blade l o c a t i o n  are  no t l ce -  

able near the hub, (F ig.  13d)) The average value o f  the turbulence 

i n t e n s i t y  Tw i s  found t o  be about 13%. 

The r e l i a b i l i t y  o f  the blade t o  blade d i s t r i b u t i o n  o f  the r e l a t i v e  

v e l o c i t y  i s  conf irmed by the comparison between ho t  w i  r e  and r o t a t i n g  

probe measurements a t  th ree  r a d i a l  s ta t i ons ,  F ig ,  (P7b), ( l ae ) ,  (87h), 

Although the discrepancy i n  magnitude noted e a r l i e r  i s  there, the t rend 

observed i s  the same, These measurements have prov ided some valuable 

in fo rmat ion  f o r  the t h e o r e t i c a l  p r e d i c t i o n  o f  the f l ow  f i e l d  i nc lud ing  

vlscous e f f e c t s ,  



From the r e s u l t s  repor ted i n  t h i s  thes is  and reference 5, i t i s  

found tha t  the three bladed i nducer has appreci abl  y b e t t e r  performance 

than the s i m i l a r  f ou r  bladed Inducer tes ted  a t  the same f low c o e f f i c i e n t "  

I n  p a r t i c u l a r ,  the f o l l o w i n g  conclusions can be drawn from the i n v e s t i -  

ga t i on  o f  the f l o w  On three bladed inducer. 

I )  The s tagnat ion  and s t a t i c  head r i ses  are  appreciably  h igher  

than those o f  a f o u r  bladed inducer a t  a l l  r a d i i ,  Even though the steep 

r i s e  f o r  the head c o e f f i c i e n t s  towards the t i p  i s  s t % % $  present ,  t h e i r  

gradients a re  somewhat reduced, Fur ther  improvements may be poss ib ly  by 

boundary layer  con t ro l  on the blades. The increase i n  the values o f  qt 

in the case o f  a three bladed inducer from those o f  the f o u r  bladed 

inducer i s  o f  the order  of 95 t o  30 per  cent,  

2)  The a x i a l  v e l o c i t y  p r o f l  les show a marked d e t e r i o r a t i o n  from 

t h a t  o f  a f o u r  bladed inducer,  There i s  an 'increase i n  the ex ten t  o f  

backf low near the hub compared t o  t h a t  o f  a fou r  bladed Inducer, The 

a x i a l  v e l o c i t i e s  near the blade t i p  are found t o  be genera l l y  h igher  

than those o f  a fou r  bladed inducer.  

3) There i s  no appreciable d i f f e rence  i n  absolute tangen t ia l  

v e % o c i t i e s  measured a t  the e x i t  o f  the two Inducers. This ind ica tes  an 

improvement i n  hydrodynamic e f f i c i e n c y  which i s  de f ined as the r a t i o  o f  

the ac tua l  head t o  the EuPer o r  ideal  head r i s e .  

4) There Ps considerable improvement i n  hub w a l l  and annulus wall 

s t a t i c  pressure d i s t r i b u t i o n .  The negat ive pressures observed near the 

leading edge o f  a fou r  bladed inducer are appreciably  reduced i n  zhe case 

o f  a three bladed Inducer,  F i g ,  ( 2 0 ) -  Furthermore, the negat ive r a d i a l  



pressure g r a d i e n t  measured i n  the  case sf  a f o u r  b laded inducer  a t  some 

a x i a l  s t a t i o n s  has complete ly  vanished i n  the  p resen t  case, 

5) The r e l a t i v e  v e l o c i t i e s  a t  the  e x i t  a re  g e n e r a l l y  lower than 

the  f o u r  b laded inducer,  e s p e c i a l l y  near the t i p ,  Th i s  i s  c o n s i s t e n t  

wi  t h  the  inc rease  On s t a t i c  p ressure  observed i n  the  case o f  t h ree  

b laded inducer .  The f l o w  mix ing  losses near the t i p  appear t o  have 

decreased, 

6 )  There i s  s u b s t a n t i a l  improvement i n  the  u n i f o r m i t y  o f  t he  b lade  

t o  b lade  d i s t r i b u t i o n  o f  r e l a t i v e  v e l o c i t i e s  i n s i d e  the  b lade  passage, 

The e x t e n t  o f  t he  b lade boundary l aye rs  seem t o  have app rec iab l y  

d imin ished.  

7) The ampl i tude o f  the r a d i a l  inward f l o w  w i t h i n  t h e l b l a d e  

boundary l a y e r  i n t e r a c t  i on reg ion  seems t o  have been reduced cons D derab l y  

i n  t he  case o f  the  t h ree  bladed inducer ,  

F u r t h e r  improvement o f  t he  f l o w  c h a r a c t e r i  s  t i cs cou ld  probab l y be 

achieved by boundary l a y e r  c o n t r o l  on t he  b lade  and by a reduc t i on  i n  

b lade  th ickness ,  An improved a n a l y s i s  f o r  the  p r e d i c t i o n  o f  the  f l o w  

f i e l d  a t  e x i t  should be based on a b e t t e r  knowledge o f  the r a d i a l  

v e l o c i t i e s  i n s i d e  the b lade  passage, R e l i a b l e  i n fo rma t i on  on these 

r a d i a l  v e l o c i t i e s  cou ld  come f rom the  s tudy sf the  t h ree  dimensional  

boundary l aye rs  i n  a  r o t a t i n g  h e l i c a l  channel, c u r r e n t l y  under Pnvest i -  

g a t i o n  a t  the  Department o f  Aerospace Engineer ing o f  The Pennsylvania 

S t a t e  U n i v e r s i t y ,  



The f o l l o w i n g  conclusions may be drawn from the thesret lca8 and 

experimental  i nves t i ga t i ons  reporred i n  t h i s  t h e s i s o  

1 )  The p e r t u r b a t i o n  o f  the mer id ional  f l ow  caused by the r a d l a l l y  

vary ing  b lade blockage i s  not  n e g l i g i b l e  f o r  the Penn Sta te  inducers. 

The ana lys is  c a r r i e d  out  I n  sec t i on  2 , l  p r e d i c t s  p e r t u r b a t i o n  o f  up t o  

10% On a x i a l  v e l o c i t y  a t  the e x i t ,  The a x i a l  v e l o c i t y  p r o f i l e  der ived 

from t h i s  ana lys is  agrees q u a l i t a t i v e l y  w i t h  the experiment. 

2) The program developed by P, Cooper and H a  Bosch f o r  the exact 

s o l u t i o n  o f  the i n v i s c i d  f l ow  f i e l d  has been somewhat improved t o  s a t i s f y  

the Kut ta  Joukowski cond i t i on  a t  the t r a i l i n g  edge and t o  inc lude the 

blade blockage e f f e c t .  The a x i a l  v e l o c i t y  p r o f i l e  a t  the e x i t  der ived 

from t h i s  ana lys ts  agrees q u a l i t a t i v e l y  w i t h  the experlmene, The 

tangent ia l  v e l o c i t i e s  a l s o  agree q u a l i t a t i v e l y  w i t h  experiment, except 

near the t i p  where viscous and tu rbu len t  e f f e c t s  a re  dominant, 

This  method o f  s o l u t i o n  cou ld  be extended t o  Inc lude rea l  f l u i d  

e f f e c t s  by i nc lud ing  the dominant shear s t ress  terms i n  the equations 

o f  motion, An i n i t i a l  at tempt was made Pn t h i s  d i r e c t i o n  by the use o f  

the boundary Payer data and the skTn f r i c t i o n  c o e f f i c i e n t  der ived by 

Jabbari  i n  reference 3. I n  view o f  the la rge  number o f  g r i d  p o i n t s  

requi red and rhe considerable increase I n  computer t ime, no attempt was 

made t o  run t h i s  program, 

3) The approximate v i s c i d  ana lys is  o f  the f l ow  c a r r i e d  out  i n  t h i s  

thes is  i s  based on the assumption o f  f u l l y  developed tu rbu len t  f l ow  in -  

s ide  the passages and takes i n t o  accoune the f r i c t i o n a l  losses, The 

f r i c t i o n  l o s s  ese f f  icPent appl 'i cable t o  inducers opera t ing  i n  the range 



o f  f l ow  c o e f f i c i e n t s  @ = 0,065 t o  0,2 der ived empir8caP $ y  by 

bakshminarayana i n  reference 5 Ps used, This  frPctPon f a c t o r  Ps found 

t o  increase exponent ia l l y  towards the t i p ,  The values o f  zhe t e l a t i v e  

and absolute tangent ia l  v e $ o c i t l e s  p red i c ted  from shrs ana lys is  agree 

c l o s e l y  w i t h  the experimental values, However, f u r t h e r  refinements i n  

the r a d i a l  v e l o c i t y  est imate are  necessary f o r  the accurate p r e d i c t i o n  

o f  the  a x i a l  v e l o c i t i e s  a t  the e x i t  o f  the Inducer,  

4) A method measuring the  th ree  v e l o c i t y  components and the eorres- 

ponding tu rbu len t  i n t e n s i t i e s  I s  developed, Phis procedure which 

u t i l i z e s  three ho t  w i res  loca ted i n  the coordinate d i r e c t i o n s  has led  t o  

valuable in fo rmat ion  on the b lade t o  blade v a r i a t i o n  o f  a l l  the v e l o c i t y  

and turbulence i n t e n s i t y  componentso More p rec i se  PnformatPon on the 

dev ia t i on  from the cosine law f o r  the hot  w i r e  probes should be obta ined 

s ince  t h i s  i s  one o f  the many sources o f  e r r o r  invo lved i n  t h i s  method, 

5) The r a d i a l  velocPtOes obta ined from the h o t  w i r e  measuremenrs 

a re  found t o  be o f  the same order  o f  magnitude as the a x i a l  v e l o c i t i e s  

throughout the f l ow  passage, Near the hub, the r a d i a l  v e l o c i t i e s  are 

found t o  be nea r l y  uni form across the passage and t h i s  i s  presumably 

caused by the blade blockage, A t  o the r  r a d i a l  loca t ions ,  the r a d i a l  

v e l o c i t y  d i s t r i b u t i o n  across the passage i s  o f  the type normal ly  

encountered i n  r o t a t i n g  boundary layers.  

6) Almost i d e n t i c a l  a x i a l  v e l o c i t y  p r o f f  les a t  the e x i t  a re  

der ived by both ho t  w i r e  and s t a t i o n a r y  probe measurementso There i s  

considerable decay i n  a x i a l  v e l o c i t y  p r o f i l e s  On the case o f  the three 

b I aded i nducer . 
The blade t o  blade v a r i a t i o n  o f  a x i a l  velocPtBes measured a t  the 

e x i t  by means o f  ho t  w i r e  probes i s  found t o  be nearly uniform, 



7 )  Apprec iab le  discrepancy i s  o b s e ~ e e d  i n  the abso lu te  t a n g e n t i a l  

v e l o c i t i e s  a r  t he  e x i t  measured by s ta t ! ona ry  and h o t  w i r e  probes, Steep 

r i s e s  i n  t a n g e n t i a l  v e l o c i t y  a r e  p resen t  i n  the  case o f  ehe t h ree  b laded 

inducer  even though the  g rad ien t s  a r e  somewhat Power than those observed 

f o r  t he  f o u r  b laded inducer .  

The b lade  t o  b lade  v a r i a t i o n  o f  t a n g e n t i a l  v e l o c i t i e s  measured by 

h o t  w i r e  probes i n d i c a t e  peaks near the  b lade  l o c a t i o n s  from hub t o  mid 

rad ius  where as a t  o t h e r  radP P t he  peaks occur  i n s i d e  the passage, The 

b lade t o  b lade  v a r i a t i o n  o f  t a n g e n t i a l  v e l o c i t y  i s  found t o  be g e n e r a l l y  

u n i f o r m  across t he  passage, 

8) There i s  s l i g h t  discrepancy I n  the b lade  t o  b lade  v a r i a t i o n  o f  

r e l a t i v e  v e l o c i t i e s  measured by the h o t  w i r e  probe and the r o t a t i n g  

p i t o t  tube, However, the  t r e n d  i n  t h e i r  distribution I s  the same, 

The passage averaged r e l a t i v e  v e i o c i t i e s  measured by bo th  methods 

show a considerable depar tu re  f rom the  des ign values f rom mid rad ius  t o  

t i p .  These averaged r e l a t i v e  v e l o c i t i e s  a r e  somewhat lower than those 

o f  t he  f o u r  bYaded Pnducer a t  these r a d i  P a  

The b lade  t o  b lade  d i s t r i b u t i o n  o f  the  r e l a t i v e  v e l o c i t i e s  measured 

by t he  h o t  w i res  Ps found t o  be n e a r l y  un i f o rmo  Th is  I s  p robab ly  due t o  

cons iderab le  wake d i f f u s i o n  t h a t  takes p l ace  between ehe t r a i l i n g  edge 

and the  h o t  w i r e  measuring s t a t i o n ,  

9) The s tagna t i on  and s t a t i c  head r i s e  o f  the  abso lu te  f l o w  a re  

found t o  be apprec iab ly  h i ghe r  than those o f  the  f o u r  b laded inducer  a t  

a l l  r a d i i ,  The s teep r i s e  i n  s tagna t i on  head c o e f f i c i e n t  i s  s t i l l  

p resen t  i n  the  ease o f  t h ree  bladed inducer ,  even though the  g rad ien t s  

observed a r e  somewhat reduced, 



10) There Ps appreciable lmprovemenc i n  the hub and w a l l  s t a t i c  

pressure d i s t e i  bu t ions ,  The nega-cive pressures observed near the leading 

edge o f  a f o u r  bladed inducer a re  appreciably  reduced I n  che case o f  a 

three bladed inducer.  

11) The turbulence Bntensi t y  components i n  the r a d i a l ,  a x i a l ,  

t angen t ia l  and r e l a t i v e  dP rec t l ons  (based on l o c a l  mean ve loe i  t i e s )  a re  

found t o  be about 75%, 45%, 20% and 95% respec t i ve l y  , A1 though a maxi - 
mum i n  r a d i a l  and a x i a l  turbulence i n t e n s i t y  i s  observed i n  the  boundary 

l aye r  i n t e r a c t i o n  region a t  R - 0,860, the turbulence Pntensieies are 

found t o  be r a t h e r  un i fo rm I n  the e n t i r e  f l ow  passage, These measure- 

ments reveal the h i g h l y  t u rbu len t  nature o f  the f l o w  i n  inducers and 

should be extended t o  the determinat ion o f  Reynolds st resses,  

$2) The measurement o f  the r e l a t i v e  f l ow  i n s i d e  the blade passage 

obta ined by meaos o f  a r o t a t i n g  p i t o t  tube a l s o  shows the two d i f f e r e n t  

f l ow  pat te rns  across the blade passage; from hub t o  about mid rad ius  the 

blade t o  blade d i s t r i b u t i o n  o f  r e l a t i v e  v e l o c i t y  and s tagnat ion  head o f  

the r e l a t i v e  f l ow  show the usual t rend  e h a r a e t e r l s t l c  o f  f low tu rn ing ,  

From mid radius t o  t i p  the i n t e r a c t i o n  e f f e c t  between blade boundary 

layers  becomesapparent and a wake type o f  p r o f i l e  i s  seen, This  measure- 

ment has revealed an appreciable decrease i n  blade boundary layers as 

compared t o  the f o u r  b lade Inducer,  

13) The r a d i a l  Inward f lows observed by means o f  t u f t s  mounted a t  

the inducer e x i t  i n d i c a t e  t h a t  t h e i r  magnitudes a re  genera l l y  lower than 

those observed a t  the e x i t  o f  the fou r  bladed inducer.  

$ 4 )  The l i m i t i n g  st reamlfne angles measured on the blade surfaces 

o f  the three bladed inducer f o l l o w  the same t rend as fou r  bladed inducer 

even though t h e i r  magnitudes are genera l l y  h i g h e r c  



15) Some Omprovement i n  e x i t  f l ow  c h a r a c t e r i s t i c s  o f  a x i a l  f low 

inducers has been achieved by reducing the s o l  i d l  t y  The three bladed 

inducer s tud ied  i n  t h i s  thes is  presents h igher  and more uni form head 

c h a r a c t e r i s t i c s  a t  e x i t  than the four  bladed Inducer. The i n f l uence  sf 

v i s c o s i t y  and the i n t e r a c t i o n  e f f e c t  between the blade boundary layers 

have considerably decreased. However a d e t e r l o r a t i o n  On e x i t  a x i a l  

v e l o c i t y  i s  observed, together  w i t h  a l a r g e r  f l ow  separat ion tone 

extending downstream o f  the t r a i l i n g  edge, Fur ther  improvement o f  the 

inducer should inc lude blade boundary l aye r  con t ro l  and poss ib l y  a 

blade thickness reduct ion, 



APPENDIX I 

Der i va t i on  o f  Accuracy C r i t e r i a  f o r  Instantaneous V e l o c i t y  Measurements 

( ~ q u a t i o n s  23 and 24) 

I )  Accuracy o f  the blade t o  blade averaged v e l o c i t i e s  (equat ion 23) 

I f  N successive samples are  taken a t  any p a r t i c u l a r  l o c a t i o n  o f  

the blade passage (8)  , the value o f  the v e l o c i t i e s  a t  these samples 

Taki ng the average : 
. N 

w i t h  the assumption t h a t  those n values are  s t a t i s t i c a l l y  independent, 

i t  can be w r i t t e n :  

v being the  expected value o f  the sequence v,, v2. a . . .v  . n 

( o r  the va l  ue t o  which the sequence converges f o r  n = w) 

The standard d e v i a t i o n  i s  g iven by: 

the independence o f  the measurements g i  ves, 

E { ( v n = - v ) l  E { ( v ,  - v ) l  = 0 

2 
N 2 1 E ~ ( v ~ - v ) }  and E { ( vn  - V)  1 = -  N2 n=l 



D i v i d i n g  by v 2 

hence 

Note: the n o t a t i o n  E{x) accounts f o r :  expecta t ion  o f  the value o f  x. 

2) Accuracy o f  the t u r b u l e n t  i n t e n s i t i e s  measurements 

Since the average i s  taken over N samples, the square o f  the  

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

2 
E { ( v n - 3  1 

t h a t  i s ,  i f  2 = 2 f o r  a Gaussian process, 
v  

And the accuracy w i t h  which the tu rbu len t  i n t e n s i t i e s  are  obta ined i s :  
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APPENDIX 2 

Fo r t ran  L i s t i n g  of  the Program Used f o r  Der iv ing  instantaneous Ve%ocPtPes 

From Hot W i re  Measurements 



/ / T A P F = A I . A I h l , n l l T  
/ / F M D  n F  T A P F  C A R D S  
/ /  F X E C  F G C L G ,  PARM.OR,JECT=MhP 
/ / S f l l l R C . F .  Th lP l IT  00 X: 

C 
r n F R T V A T l n N  n F  T H F  T H R F F  C n M P O h l E N T S  n F  T H E  V E L ~ C I T Y  I N  T H E  WAKE 
C  flF T H F  PFhlhl  5 T A T F  T H R E F  R t A n E  I N D I I C E R  AT  T T A T I O N  4 
c 

RFhl- :kR n ( 7 q  1 0 1 )  
R F A I -  7 1 1 ( h , 7 o n n )  
n l M F N ' j I f l N  A l ( 5 l v 8 0 ) r ~ 1 ( 5 l ~ ~ 0 ) q ~ 1 ~ 5 1 q 8 0 ~ ~ ~ ~ ( 5 ~ ~ 8 O ~ ~ ~ J ~ ~ ~ ~ ~ ~ v l J Z ~ 1 0 2 ~ ~  

1\11?( l r ) 7 ) , W ( 1 0 7 ) 9 T 1 1 T ( 1 0 7 )  r ~ ~ ~ ( l O ? ) r T ~ l ~ (  1 0 2 ) r T 1 1 Z ( 1 0 7 )  , w T ( 5 1 ) , C v ( l n Z )  
I,CZ(lO7),CR(107),C~d(102) 

T r \ l T F G F R 9 7  I A L ( 7 0 0 0 )  I R I - (  7 0 0 0 )  9 I C l - !  2 0 0 0 )  
F O I I I \ I A I - F ~ I C F  ( L ( 1 ) 7 1 N T ) r ( C C ( 1 ) r [ ) ( 1 t l ) )  
I - l I G l C @ I - 2 ~ 1  C S (  1 6 3 8 4 )  , l - ( 4 )  
R F 4 0  1 0 O 7 ~ K , Y I , Y ? ~ Y 3 , H l q H Z r H 3 ~ T l ~ T 2 , T 3  
P R I N T  1 0 0 7 , ~ , Y l v Y 2 , Y 3 q H l q H 2 r H 3 , T l r T 2 r T 3  
M =  1 
hlz 1 

C * * T H E  D A T A  C O R R F 5 P O N D I N G  T O  E A C H  R A D I U S  I S  R E A D * *  
9 8  CAI-1- G F T  ( 9 1 , C C q  l h 3 8 4 , K f Y  

I F  ( K F Y )  300,101,301 
301 P R I h l T  1004 

Gf l  T O  0 8  
300 P R I h l T  1003 

N = h l + l  
I F  ( N - 4 )  9 8 7 9 8 . 9 9  

101 I F  ( N - l 1 ) 1 0 0 v l n 0 ~ 9 9  
100 II\, IT=O 

R F h n  1 0 0 8 q R  
I R = 1  
I C= 1 

C ;v rTHE D A T A  I S  PIJT I N  TI40 D I M F N S I O N A L  ARRAYS:%* 
nn 7 0 0  1 = i , i 6 3 2 0 . 4  
L ( 4 ) = C C (  I )  
A l ( I C , I R ) = 1 2 R - I N T  
L ( 4 ) = C C (  I + 1 )  
R I  ( I C ,  I R ) = I h l T - 1 2 8  
L ( 4 ) = C C (  I + ? )  
C I  I I C ,  I R ) = I N T - 1 2 8  
L ( 4 ) = C C (  I + 3 )  
D l  ( I C ,  I R ) = I N T - 1 2 8  
I F (  TC.1-T.51) G f l  T O  7 0 0  
I C = 0  
I R = T R + l  

2 0 0  I C = l C + l  
P R I I \ l T  1 0 2 1  
M=M+ 1 
P R I h l T  1 0 0 2 9 M  
R ( I P = 0 .  0 
Rl IM=O.0  
R l l 0 = 0 .  0 

C  r:: R E G I N N I N G  O F  T H E  A V E R A G I N G  P R O C E D I I R E * *  
nn 3 1 = 1 , s i  
P R I N T  1 0 0 1 t ( 1 9 A 1 ( I y 1 ) ~ R 1 ( P ( 1 ) , C l ( ~ 9 1 ) ( n l ( I 1 1 ) 1  
<;IIP=O, n 
C I IM=0 .0  
T I m = o .  o 
$ I IR=O.O 



nn 4 , 1 = 1 ~ 8 0  
S \ I M = S I ! M + 4 1  ( 1 ,  . I )  
C I I P = $ I l P + R l  ( 1, .J 
S I I R = C I I R + D l  ( 1, J ) 
R \ I P = R I I P + A l (  I ,  J )  
R I I M = R I I M + R l (  I, J 1 
R I I O = R I I O + C I  ( I ,  J 

4 S \ l O = S \ J D + C l (  I q J 
A V l = S I J M / R O . O  
P V ? = S I I P / R O . O  
A V 3 = S \ I O / A O .  0 
A \ 1 4 = 6 4 . 0  
T A V l = (  A V l / A V 4 ) < : Y  1 
T A V 7 = ( A V 7 / A V 4 ) * Y 2  
T A V 3 = (  A V 3 / A V 4 ) * Y 3  
R l = (  ( ( T A V l * T A V l - H l ) : : : (  T A V 1 4 : T A \ I l - H l )  1 / (  T l * T l I  ) 
R7=  ( ( ( T A V 2 : k T A V 2 - H ?  ):K ( T A V 2 * T A V 2 - H 2  / ( T 2 3 T 2 )  1 
R 3 = (  ( ( T A V 3 * T A V 3 - H 3 )  *:( T A V 3 * T A V 3 - H 3  1 1 / (  T 3 ' r T 3 )  1 
X l = R l * R 1 / ( 2 . 0 * 0 . 9 8 )  
X 7 = R 2 * 9 7 / ( 2 . 0 : % 0 . 9 8 )  
X 3 = 9 3 % R 3 /  ( 2 . 0 a 0 . 9 8 )  
IJT(I)=(5ORT(ARS(Xl-X2+X3)))/?l.h 
OZ(I)=(SORT(ARS(O.9h*Xl+X2-X3)) ) / 7 1 , 6  
\ I R ( I  ) = ( S O R T ( A R S ( X 2 + X 3 ~ ~ 0 . 9 h - X 1 )  11/71 .h 
W T (  I ) = R - l I T ( I )  

3 W ( I ) = S ~ R T ( I J Z ( I ) * ~ J Z ( I ) + I J R ( I ) * ~ J R ( I ) + W T (  I ) * W T ( I ) )  
R l l P = R l l P / 4 0 8 0 . 0  
R I I M = R l l M / 4 0 8 0 . 0  
R I 1 0 = R l l O / 4 0 8 0 . 0  
P R I N T  2 0 0 l r I r R I I P q R I J M q R I J 0  
P R I N T  1006 
P R I h l T  1 0 0 9 t R  
P R I N T  10170 

C +*:TIME A V F R A C F 0  V E C n C I T I F S * *  
nn 5 1=1 ,51  

5  P R I N T  1 0 0 1 9 ( I q O Z ( I  I q I J R ( 1  ) , l J T (  I ) q W T ( I ) ~ l d (  1 ) )  
Ct lM=O. 0 
s I I p = n . n  
s o n = O .  o 
Y I I Y = ~ . O  
S l lS=O.O  
00 3 0  I = l q 5 1  
C l lM=  SI lM+IJT ( I ) 
S I I P = C I I P + \ J Z (  I ) 

CI IO=SIJO+t IR ( I ) 
S l l R = $ I I R + W T (  I )  

30 Y I IY= ' j t lC+W(  I )  
SlJrJI=CIIM/S1,0 
S I J P = S l J P / 5 1 . 0  
S l J n = S I J D / 5 I  .0 
S t I S = S \ I R / 5 1 . 0  
S I I C = S I J S / 5 1  .o 
P R I N T  1 0 2 0  
P R I N T  1000 
P R I N T  1001, K, SUP,  SkJO, SIJM, 5 I J R 7  S I J S  

C  * * T I I R R I ! L E N C E  I N T E N S I T Y  C A L C I J L A T  I O N * *  
D O  7 1  I = 1 , 5 1  
S i l P  = 0 * 0  
5OM = 0.0 
$ 0 0  = 0.0 



SIIR = 000 
on 2 3  ,I=L?RO 
A V 1  = A l ( 1 . J )  
A V 7  = R l ( 1 , J )  
A V 3  = C l ( I 9 J )  
A V 4 = 6 4 . 0  
T A V l = ( A V l / A V 4 ) * Y l  
T A V 2 = ( A V Z / A V 4 ) * Y 2  
T A V 3 = ( A V 3 / A V 4 ) * Y 3  
~ 1 = (  ( ( T A V ~ * T A V ~ - H ~ ) * ( T A V ~ * T A V ~ - H ~ ) ) / ( T ~ * T ~ ) )  
R ~ = ( ( ( T A V ~ * T A V ~ - H Z ) * ( T A V 2 * T A V Z - H 2 )  ) / ( T 2 * T 2 ) )  
R ~ = ( ( ( T A v ~ * T A V ~ - H ~ ) * ( T A V ~ * T A V ~ - H ~ ) ) / ( T ~ * T ~ ) )  
X l = R l * R 1 / (  2 . 0 * 0 . 9 6 )  
X 2 = R 2 * R 2 / ( 2 , 0 * 0 e 9 6 )  
X 3 = R 3 * R 3 / (  2 . 0 * 0 , 9 6 )  
A  = ( S O R T ( A R S ( X 1 - X 2 + X 3 )  ) / 7 1 e 6  
R = ( S O R T ( A R S ( X 1 * O e 9 6 + X 2 - X 3 ) ) ) / 7 1 . 6  
C  = ( S O R T ( A R S ( X 3 * O e 9 6 + X 2 - X 1 ) ) ) / 7 1 . 6  
D=R-A 
F = S O R T ( R * R + C * C + D * D )  
St IP = SOP + ( A-UT ( I * ( A-IJT ( I 
SIIO = S O 0  + ( B-IJZ ( I * ( R-IJZ ( I 
S1IR=SUR+(C- tJR(  I )  ) * ( C - U R (  I )  
SIIM = SIJM + ( E - W ( I ) ) * ( E - W ( I ) )  
T I I R (  I ) = (  ( S O K T ( S I J R / R O , O )  ) / O R (  I )  ) * 1 0 0 . O  
T I I Z ( I ) = (  ( S Q R T ( S I J O / 8 0 , 0 )  ) / U Z ( I ) ) * l O O e O  
T O T (  I ) = (  ( S O R T ( S U P / 8 0 , O )  ) / L J T (  I )  ) * 1 0 O e O  
TIJW( I ) = (  ( S O R T (  S IJM/AOeO)  ) / W (  I )  ) * 1 0 0 . 0  
P R I N T  1 0 1 2  
P R I N T  1013 
DO 16 I = l q 5 1  
P R I N T  1 0 0 1 , ( I q T I J T ( I ) r T I J Z ( I ) ~ T I J R ( I ) t T I I W (  1 ) )  
DO 17 I = 5 2 ? 1 0 1  
J =  1 - 5  1 
I l Z  ( I =IJZ ( J 
IJR(  I ) = t l R (  J )  
( IT ( I =IJT ( J 
W( I ) = W (  J )  
TI12 ( I 1 = T I I Z  ( J 
T I I T  ( I ) =TIJT ( J 
TUR ( I ) = T O R  ( J ) 
TOW ( I =TOW ( J 
CONT I NtJE 
( I T (  101 )=O.O 
T I J Z (  101 )=O,O 
~ ( i n i ) = ~ ~ ~ ~  
T t I R (  101 ) = 0 . 0  
* * G R A P H I C  R O U T I N E S * *  
I F  ( M - 2 )  9 8 v 3 0 5 , 3 0 9  
I F  ( ( M - 5 ) * ( M - 6 ) * ( M - 7 ) * ( M - 8 ) )  9 8 , 3 0 6 . 9 8  
C A L L  I N I T O  ( I A L *  I R L ?  I C L ,  ZUv 2 0 0 0 )  
no 6 I = l , l O l  
fl( 1, I ) = I  
O ( 2 . I  ) = I l R (  I )  
C A L L  GRAPHO(  8 $ '  ' $ ' v 0 1  1 0 9 . ~ 0 )  
00 11 I = l r l O l  
n ( 2 , 1 ) = w ( 1 )  
C A L L  GRAPHO(  ' $ ' p '  $ '  9 0 9 1 0 1 9 0 )  
no 9 I=I,IO~ 
O (  7, I ) = I J T (  I )  



CAI-1- SAMFO 
CAI-!- GRAPHO( ' 8 '  9 '  8 '  9 0 9  l O l v 0 )  
nn 4 1 = 1 , 1 0 i  

R ~ ( ~ , I ) = I J z ( I )  
CALI- SAMF0 
CAI-1- GRAPH(S(' 8 ' 9 '  8 ' ,O9 1 0 1 7 0 )  
nn 1 3  ~ = i , i o i  

1 7  0 ( 7 . I ) = T I J Z ( I )  
CALL GRAPHO( ' 8 ' 9 '  B 1 9 0 9  1 0 1 9 0 )  
nn 1 7  i = i , i o i  

1 7  ~ ( ~ , I ) = T I J T ( I )  
CAI-!- SAME0 
CAI-[- GRAPHO( '  8 ' 9 '  6 ' 9 0 9 1 0 1 9 0 )  
on 1 4  1 = 1 , i o i  

14 n ( 7 .  I ) = T I J R ( I )  
CAI-!- GRAPHO('  8 ' 7 '  8 ' 1 n , 1 0 1 9 0 )  
nn 15 r = l , i o i  

1 5  I 3 ( 7 , I ) = T I l I . J (  I )  
CALI- SAMFrl 
CAI-I- G R A P H O ~  1 ~ 1 , '  $ 1  ,n, i o i , o )  

1 0 0 0  FORMAT ( / / ~ X ~ ~ H I T ~ ~ X ~ ~ H ~ J Z ~ ~ ~ X ~ ~ H ~ J R ~ ~ ~ X ~ ~ H U T ~ ~ ~ X ~ Z H W T ~ ~ ~ X ~ ~ H W / )  
1 0 0 1  FOYMAT ( I  ' , 1 5 , l P h E 1 3 . 6 )  
1 0 0 7  FORMAT ( 1 7 , 3 F 6 . 3 ~ b E 1 0 . 3 )  
l 0 n 7  FORMAT ( '  ' ,2hHTAPE ERROR-PROGRAM STOPPED) 
1 0 0 4  FORMAT ( '  ' , l l H E M D  OF F I L E )  
1 0 0 6  FORMAT ( 8 0 H  F X I T  V E L O C I T I E S  NON D I M E N S I O N A L I Z F D  WITH RESPECT TO T I  

ZPSPFFD AT R A D I l l S  LOCATION)  
1 0 0 7  FORMAT ( '  ' , 1 2 7 3 F 6 . 2 9 6 E 1 0 . 3 )  
i n n 8  F O R M A T  ( ~ 1 0 . 4 )  
1 0 n 9  FORVAT ( 1  ' , F 1 0 . 4 )  
1 0 1 0  F n Y M A T ( '  ' 1 1 5 T 1 P 4 E 1 3 . h )  
1 0 1 1  FORMAT ( / / ~ X , ~ H I ~ ~ ~ X T ~ H A ~ ~ ~ ~ X ~ ~ H R ~ ~ ~ ~ X T ~ H C ~ T ~ ~ X ~ ~ H D ~ / ~  
1 0 1 2  F O R M A T ( '  ' r38HTI lRBUCENT I N T E N S I T I E S  AT EACH L O C A T I O N )  
1 0 1 3  F O ? M A T ( / / 7 X ,  1 H I r  1 0 X , 2 H I l T 9 1 0 X , 7 H I ~ Z ,  10X,2HIJR9 1 0 X t  l H \ J / )  
1 0 7 0  FORMAT I '  '926HRMS VALIJES AT THAT S T A T I O N )  
i n 7 1  F O R M A T  ( t  ~,129~******:~*******1:o**::*i~*ozti:t*tt**t****************** 

~*********** * * * * * * * * * * * * * * ~ > * * 9 i i < * * * * * * * * f  **>>********************>%*** 
1 ***::**,k**a::** ) 

GO TO 9R 
9 9  STOP 

F  I\! D 
/ * 
/ /OATA. F T 9 1 F 0 0 1  DD 0 N I T = ( 2 4 0 0 t  ,DEFER) v V D L = S E R = A L A I N v  X  
/ / C A R E L = ( 1 , N L ) ~ D C R = ( R E C F M = F 9 R l - K S I Z E = 1 h 3 8 4 , R L J F N O = l )  
/ / n A T A . I N P I I T  0 0  * 

7  0 . 9 9 9  1 . 7 5 0  0 . 9 9 9  .R20E+00 . 7 3 0 E + 0 0  . 7 6 0 E + 0 0  . 1 7 7 E  0 0  - 1 6 5 E  0 0  . 1 7 9 t  0 0  
.5R7 
, 6 3 8  
.h9? 
.7  5 4  
. 8 0 9  . R h 4  
. 9 7 0  
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F i g u r e  1 :  Photographs o f  Four and Three Bladed Inducers 
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F i g u r e  3: Inducer  Geometry f o r  Numerical Ana l ys i s  
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Figure 6: Inducer Inlet and Outlet A n g l e s  
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F igu re  9:  Hot Wire  Probe and Assoc ia ted Equipment 
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F i g u r e  1 l a : B l o c k  Diagram f o r  I ns tan taneous  V e l o c i t y  Measurements 
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F i gu re  12a: A x i a l  and Radia l  V e l o c i t y  a t  S t a t i o n  2a 
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