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Abstr act: Results from three studies relating to the  development  of
a w a ter  j e t  propulsion sy s t e m  f o r  a h i gh  speed p l a nin g  c r . i f t
are presented . More spe~ I icall y, these s tud ies  appl y t o
tin ’ developmen t I I be t i l t  I use i’ and pump i n l et  o I the  sys t 0111
.iuti  r epr esent  a c o ut i n u at  ion ci preVious  work done at AR L/ P SU
in t h i s  a rea .  The I irst study investigates the  p os s ib l e  i n t e r —
.ie t Ion of the f low between the  d I f  t u ser  and a v an e d — v o l u t e

• 
t YP ” puflip I Ill 01 . No m l  0 [.11 t ion wan revealed. The’ st’t ’ond
st u d y  det er m i n e d  t i n ’  t e.i~ Ib i  i i  ty el an impr oved v a n e d — v o l u t ’

in l et  u si n g  coiivci i  I tonal  pump desi gn t e chn iques  t o  l a y
Out  t lie Vf l nCH.  W i t  ii t h e  rest  l e t  ions j) If leed on t 1w dos I gn
by the propel Is ion system , f ow separa t ion f r o m  the  ~‘aiies is
1 tkcl. y and , thus  • ti l t s typ o  of  i nl e t  was t ound to he i n fe a s i bl e
1’he’ third s tudy  cons Isted of the  dos ign and mode l t en t i n g  of
.i new dii [user and a convent  Ions 1 doub le  sue LI on pump i n let
The design and L e s t  r e s u l t s  ar e  documon ted in  ti l l S repor t
lost re’sul ts showed t h a t  the d i f f u s e r  o f f  Ic b uoy was improv ed
s i t  g t t t  I v  and t h e I ossen th roug h the  pump in l e t  were re ’ducod
by more than  a f a c t o r  ot  two I r om the  to s s t ’s i l l  t ile vant ’d—
volute itilot
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Nomencla ture

A area

divergence angle of diffuser sides

B w id th

C
L lift coefficient

C pressure recovery c o e f f i c i e n t  def ined in Equa t ion  1

Cp,~ s t a t i c  pressure c o e f f i c i e n t  = 

~~s 
— P

atm )/½P Vo,
2

C~ 1 total  pressure c o e f f i c i e n t  = 
~~~ 

—

~
CPT to ta l  pressure  loss c o e f f i c i e n t  through a component

11 pressure recovery e f f i c i e n c y  ~de fined  in Equat ion 2

g accelerat ion of g r a v i t y

H d i f f u s e r  height

head loss

K vor tex  s t r eng th

KL loss c o e f f i c i e n t  def ined  in Equat ion  17

I.. d i f f u s e r  length

n number of vanes

P atmospheric pressureatm

s t a t i c  pressure

P1 total  pressure

Q flow rate

r radius

r~0 
outer radius of the vo lu te  at  0 = 0 (see Figure 3)

p mass dens i ty

spacing between vanes at loca t ion  3
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No menc latu re  (con t inued )

V velocity, when used with a number subscr ip t  i t  is the
average ve loc i ty  at that  locat ion

V reference velocity measured at the n i n t h  tube of the tota l
pressure rake in the throat

vec to r i al, mean ve loc i ty  through the vanes , approximated
as the a r i t hme t i c  mean

x , y ,  z coordinates , see f igures  fo r  o r i en t a t ion

Subscrip t s

1 r e f e r s  to st at i  a 1 at  the inlet  to the d i f f u s e r

2 r e f e r s  to s t a t i o n  2 at the exit of the diffuser

3 r e f e r s  to s ta t ion  3 at the inlet  to the vane channel
in the volut e—vane in le t  design

4 r e f e r s  to s ta t ion  4 at the exi t  of the vane channel in
the volute—vane inlet design

R r e f e r s  to the radial  coordinate

0 r e f e r s  to the c i r c u m f e r e n t i a l  coordinate

m r e fe r s  to the merid ional component

avg average value

x , y ,  z r e f e r  to the x , y & z coo rd inat e s  
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I N 1 l ) f l U C T I ’ J N

Thi s  r e p o r t  p r e s et i t s  the re’sul ts iron studies done t or D1 ’NS RD C , is
a con t 1 nua t iou 01 I l i e !  r dcvc  lopnit ’n 1 ot  .i w i t  erj t ’t p r opu  Is Ion sy s t e m  I or
a high speed planing craft. The pr opo sed s st eni  c o n s i s t s  01 .i w i d e
s lot  in let  on the b o t t o m  ot  the  craft. and a series o t  diffusing ducts
l ead ing  to several  double  suet. ion  ~~~~~ m ou n t e d  .ie ross t h e  r s , i  U of t h,.
oral t .  The Fluids Eng ineer Ing Department ot  ARL/I’Sl’ has b e e n  i n v o l v e d
w i i i i  s e ver a l  •l s p e t’ ts of this system . Work  has been p e r t o r n w d ~~ t h e
des Ign  and t e s t  ing of art a i r  model of  the  i n l e t  d i f f u s e r  and t h e  doub le
sue t Ion pump i n l e t .  The In l e t  t e s t ed  was a v o l u t e  t ype  i n l e t  W i  L i i  O , I f l t ’S
near the  hub  t o  r emove t h e  s w i r l  in t h e  flow . This t y p e  ct  i n l e t  W , I5
des i ~ned and t en ted .ts an attempt to . ivo Id some of  t h e  common p r o b l e m s
juiherent with convent lona l  i n l e t s .  The r e s u l ts  f r o m  the s t u d  i c ’S o f this
inlet are  p r e s e n t e d  in R e f e r e n ce  [1].

The Fluids Engineering Department of ARI . /  l’Sl’ ha~ a l so  c ar r i e d  out
the  design ol a doubt e s u e t  ion pump i n t e n ded  is’  meet the  spec ! i c at  lout s
required by the propulsion system - In this design , a o n c — d  imons i o n . i l
approach  is used to  size  the  pump - an i x i sy n u n e t r i c  sol itt  i o u  o f  t h e  f l o w
t h r o u g h  th e  i m p el l e r  is o b ta i n e d  w i t h  a s t re am l i n e  c u r v a t u r e  t y p e  of
anal\ ’ si s , and the three—dimensional vanes for the impel icr are  laid out
u s i n g  a graphical transforin,t t ion. In a j o i n t  p rogram b e t w e e n  ARL and
D TNSRDC the  g r a p h i ca l  meth od of vane des i gn has a lso  been computerized
by M . C .  Br op liv

This report f o c u s e s  on the eharacterisi ion of the diffuser and
the 1111 et to the  double suc t ion pump , ~5’ i th  t lie purpo se  be ing  to  ~ir e s c i t t
the r e su l t s  I rem s t u d ie s  conduct ed to answer several  q u e s t i o n s  ra ised
d u r i n g  the i n i t i a l  t e s t s  [ 1 )  . In the original tes ts , the  di i  I user  was
found t o  p e r f o r m  reasonably wel l  and no f l o w  separa t ion  in t h e  d i f f u s e r
was d e t e c t e d . I n  a d d i t i o n , the nonun i f o r m  v e l o c  i t v  pr of iii’, c rea ted  to
s i m u l a t e  t h e  r ea l  f l u i d  removed f ron t  the  bounda ry  l aye r  on the hot  t orn
o t  the cra t t ,  was f o u n d  to decrea se  t h r o u g h  t h e  d i f f u s e r .  Al  though
this 1:; a f avo rab l e  response since i t  lessens t h e  ch a l i c e  b r  flow
se par a t  ion , t h e  Jes ’i’ e ,tse in the v e l o c  i iv g r a d ien t  was not  e’xpec ted and
the quest ion  of a p o ss i b l e  f l o w  i n t e r a c t  ion be tween  t h e  d i l l  u se r  and
inlet was r ai s ed .  To i n v e s t i g a t e  t h e  poss ib le  i n te r a c t i on , the v o lu t e
was rep l aced b~’ a s t ra i g h t  section and f l o w  su r vey s  w er e  conducted at
t he  c x i i  of  the  d i f f u s e r .  The r e s u l t s  f r o m  these tesl s ar t ’ presented
in t h i s  r e p o r t .

The t e s t s  conduc t ed  w i t h  the  v . i ne d  v o lu t e  r ev e a l e d  tha i the flow
l e a v i n g  the vo lute was n o t  u n i f o r m  and t he t o  I a 1 prs’ssu u’e 1 oss~ s t broug l i
the vo lu t e  were a l so  v e ry  h igh . The c;it:se of  these problems ts’~iS  S t i s j ~es ’ ted
to be t low s e p I r a t  ion f r o m  t h e  vanes .  To avo hi t l~ w sep~1ra t ion from the

— vanes i t  was suggested t i ta  t the  f i  ow p.i~;s,igs’s and vanes cou lii be den  i g n s.1
U s i n g  conver t  t lonal  PUI ~P des i gut i echn  i qu t e s  . A pr o  1 in i n a r y  den  tgn ,tua I vs is
us ing  t h i n  a p p r o a c h  is  p resen ted  in  th i~

; r e p o r t .  It wi n f o u n d  t h a t  , wi iii
the  ;~t ’t ’ r t s  t r i r t ’n r j o t  ions f o r  I i i  is p a r t  I cu La  r app i i  s’J t I 011 • I l o w  separa t ion
f r o m  the vanes would  he h ard  t o  , I V s ’ I d .
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T u e  t I nai  top ic p L e s e i i t  ~J ill t h i s  r e p o r t  i s  t lie dt ’~ I gui and t e s t  lug
ot  .1 c o u i v e n  t I cii i 1 double suc t ion  pump i i i  1~’ t . lvc ’n ii t i l t’ ~,I nt!d Vol  U t  0

had been s uc c e s s f u l  , d a t  a I or , i  ct~n veu i  t i u . s  1 i i i  I , .~ would be use fu  I f o r
c omp i rIng p e r t  o rmance and cnab ii uig t h e  SO loot ion o I t he he st I n l et  .

eve r • w i t  it t he  problems tuco uiit ci J v i  I i i  t he  vj i i t ’d  ~‘o t n t  e , ii Convent i sSl i 1
was t h e  most  s u i ta b l e  , i l t e r n a t  i v ’ . The d e s i s ~ i of  t he ’ i n i c t  is

J o c t i i n e u t ~’d In t h i s  r e p o r t  au~ k ~c’sul t~ f r om  model  t e s t s  similar to  t l i c ’
t e st s  t or t he  vaned vo l  U t  e ire also presented . .

INFLI’EN(l: iW i iu ~ voI,ui’l~ ~ rut~ ui ~‘~usi :t~ l’l:RFt)R~L~NcE

To i n v e s t. iga t . e tu e  p os s i b l e  f l o w  i u t e r a c t  ion  b e t w e en  the  d i i  f us er
and volutt’ , t he  v o lu t e  was rep  1 . i5 ’ed by a str aig ht nec t Ion and flow tne .u —
su re m cn t s  w e r e  made a t  t h e  i n l e t  and exit of th e  di i t u n e r .  A p h o t o g r ap h
ot  t h i s  e x p e r i m e n ta l  s e t u p  is shown in  F i g u r e  1. N~~t v i s i b le  in t h e
photograph is  a sect  Ion ot  1/ 8 inch  h o n ey c o m b  lo c at ed  In t he  st. r a i g hi t
sect! ou t  d i re c  t l v  up s t  ream of  t h e  ci  t~ow . Th is lis u e v c c :~i s i s  prov i dod to
r e d u c e  the  et l e ct  the  e lbow w i l l  h av e  on the  t h o w  in  t h e  St  r a ig h t  s t e  t i o u .
B e s i d e s  t h e s e  modif  [oat  Ions ,  the  r e i n ,u iu d cr  ot  t he  t a c i l  l i v  i s  t h e  s ,I rnc
an f o r  the  t e s t s  w i t h  the  v o l u t e,  The same ty p e  o f  in s t  r u m e n t a  t i on  w i n
a l so  used an ii Is documen t ed  in Re I cr one e [ 1 ]  . In add i t  ion  to  t he In-
s t  r u men ta t  ion , it  was  poss ible  to  o b s er ve  a t u f t  on a p r o b e  t br o u g h  t h e
t r an s p a r e n t sec t Ion shown in 1 he ph o t o gr ap h .

The r e s ult s  f r o m  the  t e s t s  w i t h  t lie st  r u  i g lu t  s e c t i o n  tlowus t re am
of the d i  t f use r  mus t  be In t e r p r e t e d  vi  t h  c ar e . For an unkn own r ea son ,
d u r i n g  t h e s e  t e s t s  the  f l o w  r a t e  wan r edue  ‘d b y . i  p p t o x  in ~i tel v 17 ’. f r o m
the previous  t e s t s  • and the  I low was i i  so f o u n d  to  he unst c . i dv  . For
two s in !  1.i r t e s t s , v er t i c a l  f l o w  s u r v ey s  it  the  di f fu s e t  c’\ i t  we r e
found to y i e l d  si g n I f i c a n t ly  d i f f e r e n t  v e l o c  i tv  and total p r e s su r e  pro-
f i l e s .  One s u r v ey  showed a p r of  l i e  s i m i la r  to t h e  out’ measur ed  i~’ i t  it
the v o l u te , w h i l e  the othe r t es t  r e su l t s  i n d i c a t e d  a n e a r ly  u n i f o r m
f l o w . Measu remen t s  i t  t he  d i  I t u n e r  inlet a I so showed v a r i t u  ions  t ron
le s t  to t e n t  . m d  i c u t  I ng the  c u l t  re t l o w f i e l d  was c i t i n g  tug  and not
j u s t  the f l o w  t h rou g h  the d 1 f f  l i S t ’ F •

The p r i m a r y  purpose  ot  the  t .’sI s was to d e t e r m i n e  I t  t h e  vo l  U t  c’
elf cc t ed the no curanc e n I  s e p a r a t i o n  In the  d i f  f i u ser .  The ret  ore • t lie
tes ts  conduc ted  . tr e  s t i l l  of value , de sp I t i  t h e  p r o b l e m s  e n c o u n t e r e d
in iii, .’ measurements. Observa t ions  o f a t n t  t on a probe r e v e u l e J  uo
separation at the  exit of the  d i i  t u n e r .  The absence  of  a u i v  f low
separa t ion in a [ s o  supp or  ted by t he  d i f f u se’r ~~ r f i t  rj n ,une e pa t ame t e r n  .
which  d e m o n s t r a t e  no decrease  in p r e s su re  r e c o v e r y  when t h e  vo l  l i t  e in
replaced by the  St ra i g li t sec t  Ion . Tb c 1e r f o  rman c e pa rant ’ t e rn  1 s t ’  F t  d~’ t [ned
in Re fe r en c e  [ 1 ]  , but  w i l l  he r epc .u  t ~‘d her  c f o r  cou tven  i cue o

—— -—~~~
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For t h e  t \ .  tests conducted vi i i i  th e  st  r , u i g h t t  s e ct  ion , t h e  v a l u e s  o t  ri~,
FL f ou n d  to  b~’ , 52 ~utcl - SM. t i t e  p r ev  I o t i s  Iv  d ot e  t i n  i ned vu I uc of ef I Ic I cute v

is r e p o r t e d  In ~t ’ I t ’rs ’nce [ 1 1  i s  .81 . t l t u ~~, t h e  p e r f o r m a n c e  of t h e  d i f f u s e u  is
1 f l i i t e  I t u e  S , i i l i t ’ or ni  I g l u t  l v  bet t or v i  th oit t t h e ’  v o l i t t e  d o w u st  rOOSt .

TI us - ; t  re ce nt l v  s l ’t , i i n e d  v a l ue s  of e l i  i c i e t t c v  s h o u l d  be used w i t h  c a u t ion ,
sl ice  errors :~av be p i s - son t due o t h e ’ u n s t t a d j u u s V’ss ot  t h e ’ t low . h l o w ev e t
t h e  c i  t e 1 L I I L V does i n d i ca t e  I h a t  no s e p a r a t i o n  lion o c c u r r e d , and i t  can
t ) e ’ c one 1 ud~~ l t h a t  t he  vo l  Ute ’ ~i i d ito t s t  rong l v  in !  I Ileuc ~ t it e I l ow  in  t t ie
d i i  t o ;e r .  It c on , t  1~~o bet s o i t c  I I I d L V J , s l u i c e  t h e  d l i  fu ss -u p i t h  or t l iuf lcc  was no t

I L L  LSVI , t h at  I t i e ’ l t d  L I L t i Out in  ut- l i t  ye I cc it v was not  diii ’ t o  on i n t e r a c t  Loll .
bit t  1, 05 j’~~ 0I 5 1 i) 1 \  ( ‘ , i i i s~~~I by  i n c r t ’ t s e d  losses  somewhere  e l se’ in  t h e  sy s t e m .

To i live ~, i i g u t  e t h e  son i c e  o t  t i l t ’  UI1S t cad! itess , I i t i~ rs w e r e  i n s t  •~ li ed
i i i  t he d ii i  u s e ’  r t o  c Ii c, [nut c t h e  ,tdv t ’ m e ’ p r on  S U i t ’ g usl  ent  vii i cii  ni i~~, i lt

* c , t u n e  Ofl L I I I V ,IV e~ d~’ 1~ht nome’uou to  occur i i i  t h e  d i i  t u s e r,  l i l t ’ t i l l s  t e a e I  m i s s
ius 1sevs V r , 10,15 1 , uitth to  be U u i 5 l t a i u g s -d by the  l i n e r s  and , t h e r ~’for e ’ , i t  is
spe ’ ,u  1~~ieJ  t h a t  t h e  un s i  L t d  i f l e S S  w i s  s’ t u u n c - i  by  e l t i i o r  a c h i , t i i c t er  m t  ic
o f t h e  t i n  or I l~ it , se ’ p . I r u t  ion  In ont ’ st  t h e  o t h e r  d u c t s .  The ’ U l t S t ’V’dd i~ t~-~~s
i n  no t  s t i s l i t s  t e d  of  h i t  I ue’nC i ug t h e ’ j u t  el- oc t  i o u  be t \ ~Ocu t i le ’  di i fuser and
d OW U S  t i t J i i I  St ’ s I l o l l , t hus  , t i l e’ t ’ollC Iu ~ i L i l t  01 110 S t  t o n g  l U t e ’ r . t s  I i on  shitu  Id
be v a t  i d .

L’REI. Ui 1 N \ R Y  L f l l h  I ~N OF AN 1 Ni FT \‘ol.uTi:  A N I )  VAN ES

h ) , i t , i  I r ou:u t h e  [ t i l t  [a t  t e s t s  w i t h  t u e  \‘ tn t -s vo lu t ~ ’ s ugge s t ed  t h a t  t h e
h i gh  losses  and n onun i t  o run I low we i s ’ 5 i n n e d  by I

V low s e p t  r at  i ci i  I r o u t  t h e
v a u l t ’s m d  v o i t  I cC ’S I . ’ r ise el iU S i c  hi e l l i s ’ ei i ;mnn e I . t U’. i O  5 5) 115 j d~~u e d  I hi , t t
t h e s e  p u o b  101115 cot i  I d be , i l ’ s’ I tied if conven t  i otto I P11111P ~~i t t it i ’  inc  pr ic t i c e  t~~is
eunp I ,  s,- t ’d i i i  dot t ’Fufl inc  the ’ geoutie i i v  s ’t  t ue sue t i d  i o n i  1 Il ow ~~ V l  S sage ’ ,i nd
i t  so to  design  the  ~‘, in c  . l i i  t he  o r i g i n a l  vaned vet lii i e , t h e  ~‘~~‘ , ‘ i t  I i v  o f
the  f l o w  p t s s , t ge  in t i t , .’ m e r i d i o n a l p l iu te  wan not  g i v e ’n s u i t  i s ’ l e n t
t oilS u sh T V V I  t i Oil • hs ’ , - , i i u s e  t i t t ’ vol  li t ,.’ w ,us  d o t ;  i g ut ’s! I r ot s  j ’r i  ‘ t i  r I I v  a tw o—
d i m e n s i o n a l st ;tn d po m t  • Cs ’n se ’qILe ’nt  l v , the  I low had t o  us -~ s ’ ,t t o  a I a i n  v
s i t , t t p  QI) ’ b end . ‘ho  [nip l o v e  t Is’ low , t l i e ’ t a d in s  i t t  t i t s ’ b ’t ’ .~ niiou i 1  be

— j i l t  l ’e ’ , i S t ’d t o t h e  m i x  I nun a L I  s’w~~tI w i t  i i i  U t h e ’ spac j u l  I s V , ; I i ,  I i s i t S  . l i i
add I t  i out • t he v ines  , wh i cit i i i  t h e  on g I no 1 in let we i t ’ i t  5L ’ t w o — s i  Linens iona  1
sh o u t  d l~t~ d e n t  gute d g iv  i ui g tlt roe—d istotis 1011 ,11 cons  i d~ rat ott t o  t i i i ’ I I , -to

I h i e  I low i s  ohv i ot is  l v  t h r e e — h i unetts I 011,1 1 , S i t S ’ s ’ t h e  I low i n  t i l e’ \ ¼ ~ t i l t s - tituS t

V 
V V 
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be tu rned  90 0 in to  a d i r e c t i o n  pe rpend i cu l a r  to the a p p r o x i m a t e l y two—
d imens ion  v o lu t e .  Once’ the mer id iona l  passage Is d e f i n e d , t h e  vane s can
he’ sI~~s igned  b y  t ra i l s  f o r m i n g  the  th r e ,’e—d in i t ’ns i  onal  vane ’ g oon s ’  t r y  t o  a two—
d i m e n s i o n a l  s u r f a c e ’  employ ing the I’ r a s i l  t r a n s f o r m a t i o n .

A p r e l i m i n a r y  design of a v olu t e  type  In l e t  w i t h  vanes was con-
duc ted  to i nves t i ga t e  tile f e a s i b i l i t y  of an i n l e t  designed  using the
new a p p r o a c h .  A sk~~cch of a m e r i d i o n a l  plane of the  pump r e v e a l i n g
the i n l e t . pump i m p e lle r , and exi t is shown in F i g u r e  2. T h is  f i g u r e
and F igure  3 , which is a sketch of the v o l u t u ’  c o n t o u r , dcl  In c  the
paramete r s  which  are involved in a des ign . Beg inn ing  w i t i t  the g e o m e t r y
of the  flow channel in which  tile vanes are located , t h i s  s e c t i o n  is
des igned  p r i m a r i l y on an in t u i t i v e  basis  w i t h  t he  o b j e c t i v e  of turning
the f low in to  the axial  d i rec t ion  as smoothl y as poss ib le .  However ,
there ’ are severa l parameters which effect the geometry tha t arc determined
from other considerations . The in le t  r a d i u s  (r3) is selected on the basin
of spacial restrictions and also vane p e r f o r m a n c e  c o ns i d e r a t i o n s .  The
amount  of f low acce le ra t ion  in the  m e r i d i o n a l  p l a n e  a l so  e f f e ’s’ts the
geomet ry  of t h i s  passage ’ . A c c e l e r a t i n g  the  f low in the  m e r i d i o n a l  p lane
is d e s i r a b l e  because i t  reduces the  amount  of f low r e t a r d a t i o n  In the
vane channe l  and , thus , lessens the l i k e lih o o d  of f low s e p a r a t i o n  f r o m
the vanes .  A t r a d e o f f  must  be made , however , s ince  an a c c e l e r a t i o n  re-
quire ’s the  f low to be d i f f u s e d  more in the  i n l e t  d u c t  r e s u l t i n g  in
l a rge r  tosses and larger duct sizes. Onc e the inlet radius (r3) atld the
mer id ional f l o w  a c c e l e r a t i o n  (A 3/A 4 ) are selec ted , the width of t h e vat.c
channel inlet (B 3) Is determined from conservation of mass. The inlet
and ex i t  of the c h a n n e l  are  now s p e c i f i e d  and the  r e m a i n d e r  of the  des ign
is based on good eng ineer ing  jud ge m en t .  One p r a c t i c e , w h i c h  Is
t r a d i t i o n a l ly fol lowed to improve the  q u a l i ty  of the  f low , is to in-
crease the  rad ius  of the ou t e r  con tour  near  t h e  eye of the pump .

The design of the mer id iona l  f low passage has been desc r ibed ,
and i t  was found  tha t some of the var i a b l e s  are dct ermi t t c ’d f ron t  the
vane des ign . The des ign  of the vanes and v o l u t e  are  also ln i e -r r e l at c d ,
slui ce the purpose of the vanes In to remove the s w i r l  c r e a t e d  b y the
v o i u ie .  W i t h  tile d i f f e r e n t  componen t s  of t he  I n l e t  mel  a ted , one approach
for the design of the tot al i n l e t  is to e-ondtie t a p;ir:tmot n c  s t u dy
inves t ig a t i n g  t h e  e f f e c t  of the d ’ f f c r c n t  va r i ab l e s .  The p r i m a r y
design ob jec t ives  f o r  the  Inle t  ar e ’ t h a t  t he r e  Is no s w i r l  at the  e x i t
of t he  vanes and no f l o w  s e par a t i o n  f ron t  the  vanes .

The va r i ab l e s  under  the c o n t r o l  of the  desi gner  a re  t h e  numb er  of
vanes ( i i ) ,  the i n l e t  rad ius  (r 3) , t h e  w i d t h  of the ’ i n l e ’t d u c t  (B 2 ) ,  ;tn d
the amount of f l ow acce’ I er a t ion in the men d ional p latte ’ of t h e ’  V ane c h a n n e l
(A 3/A 4 ) .  However , all  of t i icse  v a r iab l e s  have r e s t r i c t i o n s .  Th e’ I t t l e t
tad [us and wid th are  r e st r  Ic  ted by sp :ic h a l  1 l uut l t a t  [ot is • th e’ flow ~mcc elei.u—
t ion is re’s tr Ic ted by tile’ required amount  o t  d l  f f un !  on i n  t i m e  t i t l e ’ I ch i t ’ t , — 

V

and the number  of  vanes is rest  r jet ed by blockage and pot ; sibl e’ lou I i ng i f
the re  are two many vane ’s. To d e t e r m i n e  w het i t e r  s e p i r I t  ion Is l i k e l y to
occur , the 1 I I  t cot ’ f i le ’ len t of tite’ vanes (C1 ) and the f low r e t a r d a t i o n
(V 4 /V j ) t i re  c u l t ’ u la  ted and compa red to the s e ln i r l  t ion d a t a  p resen ted  i n
R e f e r en c e ’  1 3 1

_ 
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\‘ s ’ I s ’ s ’ I I v s oi l  i’~’ ~~~ l ( V e i l O t s s f  h r  know tug t i l e ’ I low t . i  I e i tii ’ eiet gh t li e ’ pump
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C .

The l i f t  c o e f f i c Ien t  (C 1)  I n  a l so  needed to d et e r m i n e  the l i k e l i -
hood ot  f l ow s epa ra t i on . For a radial flow vane system , CL can be
t~X h ) i e , S 5 t ( I  iS

CL 
— (V 0 3 

r
3 

— V 04 
r4
) 

~~~~~~~~~

Average  values  of V 04 
and r4 should be used In Eq u a t I o n  (9) I I  s w i r l

remains  i t  s t a t I o n  4 .  h owever , i f  the s w i rl  is  zero In the eye’.
Eq u a t i o n  (9) r edu ces to:

2 V 03 
t

3C
L 

— (10)

where t is the spacing be twe’en I ite vane ’s at lOt’ 0 t lout .1 and W ,~, is
the V C e ’ t ori a I mean ye b e  i ty  wit l c h t  can be approximated l:• the’ ;nr I t huie t I t ’
mean

V . + V ,
- ~~~~~~~~~~~~~~~~~~ ( i l l

For the inlet shown l it  F’ igu u re t (2) , whte re r — 8 .75 , o compi u’ I t ’
design of the vane geomet ry  was car r i e d  out  us ing  t h e  }‘ras!I I r un ;;—
f o r m a t i o n .  I t was found  in th is design  tha t the  l e n g t h , , of  the Vane’s
was 5.5 Inches .  in the p. iro~ie t r  Ic study when r3 I n varied , tite length
of the vanes were assunted to be proport lonal to r 3 wit Ii Liii ’ above design
used to determine the constant of propot’t iout;ui I ty.

The result s from t he pa r a t io  t n i t ’ st  uud ~’ ~ire presen ted in Figu ne ’s
4 and 5 . These’ f t  gut men ~itetw the  v ,i r I ,i t lou o l  C~ and \‘ , /V ~ an a I um u~c t I sl i t

of the duct wit! Lii lt~ . Thtu ’ d iet ’ t s s’t r j  and A j  / ~~ ar e  .u I n o thOUts ’ I t ; ;  I IV ;i t i’d
In Fi gures 4 .111th 5 , r t .’t ;p o e’ tive l y, by the ’ dif fer e nt I I no,.. Throughout
the  st u dy , the 1 1 f t  e’e ie ’ t l  I s ’ h U t  wOs  C I  I c u l ; l t e ’si , i S S i l ’ l u i ig  there’ W e ’Ft ’ 10 \‘au i e ’S

(V
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i ’his ’ e m I t  er It ’ll I or s’V ;i I no t 1m g tite’ l i k e ’ I (hood 01 I I ow ne ’p .i rut ion is
I s ’c i i t t h l i t  I” I guile 2t~ 1 e’ I R e ’ I t’ l e n c ~ e [ I I  . A t  t bough t h t~’ Fe’ in a lot of

v a r  L i t  t o n  I l l  t h e ’ c lO t  .1  • iii gc ’t i s ’i  . i  I I t  I s  f s t i ; i i e i  t h a t  thee l i l t  cool  I I c ’ tent
shiou lii n ot  he’ mu ch ~‘re ~.i t o i t ba it  I , and liii ’ vu 1 tI c’ of V ,4 /V shoui 1 d iio t he
I e’ss that  . b . As the  V ;t tue  01 V4 /V ~ 

(n e t O lOc ’S , howe’~’t ’ r , the t;,t 1 e’ 1 tin I t
I s ’  r 1 . u i  M et I ite’ re ’;l se’s . Re ’ I e r r i n g  t irs t t o  F’ I gu i i’e’ 4 , I t iS Ht’e ’tt  I It . i  I
l e ’g ,irci Ic’s;; ol the  d uc t  w i e h t hi ( I I , )  and t h e ’ l u t e ’ t i t i et rod j eis ( nj ) ti le ’
vu tue of V 5 /V ~ 

in a l w ay s  t e~ n t hail .6.  ‘r he’ l i f t  c’oc’ f t j &~ I (‘ill is .il set
found to be ’ q u i t e ’ It igh , w i t  hi t tie ’ v u  tue usuti l i v  g rea t e r  t h a n  2 .0. As
shown In F I g u r e  4 , tile ’ re.i ;; lug  i t ’  or r 

~ hot  h have ’ fshor ;t b be of fe e  t s
sIlt C1, .10th \‘4 / V , I . t’ . t ’~, ci i ’ s’ i e .tS t ’S .iil e l V 4 /V I itt ’ c c , .i s en  ; bistwe ’~’ei • ~~li I v
modest g;i h i t s  .t 1 c ’  iii) t . i  I h e ’ d by 1 i t e ’ F c ’ , I H  Ing I Itc’~ ei vu r hal ’ he ’;; . in add i t  ion ,
I’t’ 1.11 1 vet I v large V11 I Ui ’S e~ I B1 and r3 .i I~e ’ around 6. S Inc lies and 8. 2 5
ii’it’h t e ’n , ri’s pee’ t [ye’ ly  , and a I gu I I I  e’Ofl I h i t e ~ ~~ ase’ in t ht ’se v . i l  ut ’s would
r i ot  be’ pen;;; [ (t i e  w i t  i t lit the n I’ , m e ’ l o t  r e ’st mEe t Ions oh the pump design

F i g u r e  ‘ p r e s e n t s  cia I i  n I  m l  l i t ’  t o  Figeure ’ 4 , w i t  it t itt ’ l a  L’ h o e ’s  I t i les

r ep r ese n t  l u g  d i i  t e r e u t t  val UCS c’t I l ctw at’c t’ 1 ~ ‘ t a t  ion In  the’ me’ i. it ! tOila I
p1 t i n e .  F’ronu the’ figure ’ it is Se’ e’ii I h a  t A 1/A ~4 has i i  t t I s ’ o f  t e e ’ t s l i t

V but l i t s ’ re i n i n g  A t /~ 4 
has a n [ g t t l f l e ’a u t t  i f  l’ e’et on the ’ bo w t ’ et ar d a t  lout

l’ o i’ a e t l ,Ic ’t w i d t h  aroutid Ii. ‘
~ t o  7 . 0  a vulue of A ci  1 . 2

w i l l  h i t c  i e , t  ;;e ’ the’ vi ’ h o c ’ I t  v i , u  t b  t o app  re t x t i ~t , i t  e I v .6. The I III e e ts ~ I I i t ’ I en
heiwi ’~’e’r • w i t  I st i l l  be around  2 . 0 .  I t .  appear s  t h a t  the oil l V i~’. i V t e l

I gull i ’  aoL Iv  IV 5 ,dOC , 5, 11w t i l t  I I t’ t’t~t w i l l  b ’  to  m e ’ resist’ t he  nu mbs’ i .

ol  V; i i t e ’S . t ) etui l t  1 i utg l iii ’ uui i ibe’i’ s i t  v .une ’s  te l 21) w i l l  e’Ut  t lie l i l t  e ’ s t e ’ l  I ie’ I e ’ i t t
I i i  I n t l  I . ‘lb In  i i  rge ’ iieimb e I e ’t  Vault ’s , I l s ’We ’V t ’ i’ , lila V 11111 be p r at ’ 1. I e’.u I
I t shou t lii , i lno  be’ p01 itt  e’d out t lt ,i t vi tIt A 1/A4 — 1 .2 , the’ re’qu I reel
d il hi ; ;  fo u l  i a I [0 i n  liii ’ t i t l e’ t duet t w i l l  h~’ 1 .98 , s i nc e  t h e ’ ewe,’ t’;iJ I c h i l l  t in ion
1 . 1 1 itt I FOnt I lie’ t i t le ’ t s ’ I  t lie ’ e l l i s ’ I t e l  I lii.’ eve ’ o I t he  pump Is sp ot ’ i l l  eel t o
he’ 1 . (i ’ . An ,i r e’a r ;t t to  s t I 1 .98 w I l l  re’qu Ire ,u I oitg due’ t with lilt’ re’ase’d
I s i sse ’,; , in e i  g n s ’. i t  s i  e i u i h s , . t i V si w . t t  s n  ws ’ i g i l l  . W i t  h i this e’ont l gu r . i t i e i n ,
t Itt ’ y e) I c it s ’ w i l l  .i I so be’ q u i l t  e’ 1 ,1 mgi ’ ( r

~0 
— 11 I Ui ’ hte ’~~) , vhf  cit  may c re’;i I t ’

ac id i t  ie ti t .i I e’eimp I i c ’~~t [cO i S

Tet s ’s i i t t ’ I ti tl e’ lii i s se ’s ’ l i on oil t hit ’ I c a;; I ti l l  I Iv  e t t  ~ vol ute ’ ;iitd Vane’

type ’ puntp In  l e t  t. , L t si~’e ’; ; appe’a i t i to  I I It is typ e ’ i t t ’ t i t l e ’  t cou Id he b u i l t
wi  t bout  h av i n g  t hue ’ I low se ’ p , m  t o  I t ’  I torn the vanes .  hlul W t’ V e’ r t he’ I .~~i gc’

n u i n u t t e ~ ol  r eq i u  I rod v .u i i t ’s , t lte ’ ; i m e tuut t  t ci d i i  l u s t  t ’u in  t hit ’ l i t  1 o t due ,’
ait ci the s I ;~e oI hi’ v e i l  c i t e  e t s i e ’s not make ti lts I y pe ol  i it i i’ I . t U  O tt iJc ~ L i v e’
e’h ic t  lt’e’

1) 1 h”FW ~ER ANt )  t, ’ON V I’ N i t  ON . \ I  . ) ‘t Ml’ I N t . h ’ l’ lWS I LN .\NL~ Mt 1l’lEb, TESTS

— 
4 . I l’ r ot  i l l  y,pe’ t ) c ’t ; 1 1~n

l)ue’ to the ut i i .t I t t , i s ’t [vet I e ’ .i  ( U  i t ’s of t, l ie ’ vol ut  e’ and \‘Oui s ’ I v pt ’ in let
.1 e’i) llVe ’it t I s1i1~t I l i t h e ’ I w;us di’s I gnt ’d I c i  liii ’ pu mps o I t h e  1t l o u t  I utg e’ i’o I t

V 

— In .t convent  lona I m e t t  , the  I I n  h e h  Is d I t u t u  Iltu ted a i’slUttel the’ e ’ I return it’ tenet o
01 1 tic pump b y p . i s s .u ge ’  n wIt I cli cc i  i ’ve ’ .1 r o u nd  bet t h u  n fc ie ’~ cii the’ pump .ux i s ,
‘I’tt is e o n  I I guru t I ciii , t ht t Is  • t’ l i n t  I n o t  e’s 11105 t s i t  I he,’ sw I r i In  the ’  I 1 ow , s l i t s ’ e ’
the  sw I r I I rom the ’ tWst St resins e’ . i i t e ’ e ’ I s l u t  . Sw Ii ’ h s o  ii lte’ pu t  li t  I it t he  I low

___ 
_—_~~~~~~~~~~~~~
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by di’;; i g n i n g  the titlet with th~ inle t I i  , t i t ge ’ offse t f rom the  a x i s  of
t he ’ ptlitt j~.

To match the geometry of the h ump inlet and to provIde ’ the’ requIred
amount s i t  dit t u slo n , a new diffusing trans i ti on s ec t i o n  wan . i lsti  designed .
Both the d i t tu n er and pump inlet were initi ally designed for the p rots s—
t y pe’ sv st e nt , and then a me del of the inl et was designed and fabricated
to cv alsi .ite ’ its p erformance. A sketeth of the geuleral lavcu it of t lte diffuser
and .t pump inlet is shown in Figure 6. This I igurt’ shows a few key di—

V m eits ie tn a  and a lso  i den t i t i e s  the  various stat tons and paroine ’tcrs r e , f e r r e d
Itt in the disc ussion ol the design .

The Inlet and exit geometry ot  the d i tf u s e r  ,i r e’ spec ified by the
t ie ’ ,; ign c t the Inlet Slit t oust  the ’  pump in  b e ’ I , res pee t ive’ I v . To avoid
too gr ea t a t r a n s i ti o n  in geomc t i’ v , the’ pump Inlet was mode .us wide .is
possible within t he’ s pa cl .i t r e ’ s t r [ c ’ t l s i n s  I s t i s ine d by the  stze , t c ’t  t i le ’ c r . u I
The w i d t h  ( B , )  was e’hosetit t e l be’ 5. 7 lite’hie’S tOe1 tile heigh t (111) was t ln’iu
dete ’r in ln cd to bet 16 .4  incites. Since A 2  — A 3, t hose d incus  ions p i V o v  ide .t

15% .ic’e’cjetrjt Ion in t he,’ ncr id  ie i i t a  I p l an t ’ I m o m  Stat ton I to St .ut fern 4
W i t h  the over,ul 1 dii f u~~ietn ra t t o  h ’i s ’twee, ’n St .et ion 1 and Stat ietut spec It Ii’d
an 1.65 , t ite ar ea  ratio for the  c h i t  t ei se ’ r can be c ’ a l c u l . i t e ’ d  as f e i l l e iw n :

A 2 
— 

A4 A 3 A 2 — (1.65) (l .1 S1 (1) — i.q (12)
A

1 
A

1 A4
A
3

‘l’Ite’ aspect ratio of  the inlet ~ I s i t was e’h e t n s ’n to be’ t lie ’ s , i uu ; e ’ ,i s
the or ig irtal mode l • so that this p art s i t  th e ’ mode’! w e t u l d  i t s i l  have ’ It’ b~’
r e b u i l t .  The aspect  r a t i o  (H 1 /B 1) fo r the o r i g i na l model was  . 26 7 .  W I t h  V

and A 1 known , the dimt tns ie in s  of thi ’ i i l l e ’t s l e l t  c ’ , t h t  i’ s ’ c a l e ’u l ,’i t e’d .
These values are shown in Figure, ’ 6,

The rema I nder of the  d t t f u s e i  desIgn  consists ot deterni t iting a
smooth traits it Ion be twe, ’en th e’ known til l 0 t and e ’ x i  t geelmc t r  I i ’s t t i .u  t w i l l
yIeld a high ot f t c  t e ,’ne’y In pressure ’ re ’ c’overv . It Is S t a t  e’ eh i n  Re Ic F e i n t ’
[4 t h a t  the tot.t I expansion ~iit g i s ’ I s ’ r max I mum e’ I I le’ I e ’l tc  V I c ’F 1 dUc’ I W i t  hi t We ’
parallel and two divt’rg tu g  wal Is Is .iboeit 7 to  12 de’gt’s’ e s  . S Ine ’e’ in  t h e’
p t eScil I ease two w a l l s  a re ’ c’ e l i t V e ’ rg I utg an d • the ’ n e ’ I s i r e ’ , the ’ i t r o s n u i  Fe ’ glad ie ’it t
is d i m i n i s h e d , the  max in t ui m d I v e ’r gc ’u ce ’ angle  01 12 degree ’s was  sel e ’c tee!.
Foe the  sho r t e s t  p o s s i b l e  d i f f u s e r  w i t h  ,t 12 de’gre ’e’ m a x i m u m  dtve ’r ge ’ulce ,
the d ive rg ing w a l l s  m u st  al  so bet s t i t l  glu t  . Uut e i e’r th e, ’~ e’ ~‘c) i le t  i t  1cm; ; , the
to t , i l  l eng th  of t he’ d i  t I e ln e ’r s’ o ut  be e’ ,u IC ’ it h , u t  e e l  f r o nt  t he ’ to i t  ow t u g  e’qu.u t b i t :

I. — (II , — H 1 ) / ( 1  tail  6 ° )  60 . 7 ’ t in .  II ~

Tite w i d t h  ol the  d i  t fu se ’r w. is v i r  I t ’ s1 so t h a t  t he’ s ’i l ange ’ in . u t c ’,i
w i t h  re ’sp e’c I Ii) clin t once’ would iii ’ e’ e’uis t .111 1 . Eqt ia I i  em I •~~) s ’x~ i s ; ; , . s ’ s t lt e ’ —

v a r i a t i o n  01 the h a l f  w i d t h  (B)  w h l e ’h w i l l  y ie ’ld t he’ de ’sired .ii’ esi t a r  b u t  ion .

-~~~
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B 
.7289 z + 4 9 . 2 0  

143.63 + .2102 ~ 
( )

where B and z are in inches.

To demonstrate the rate of diffusion in the present duct as compared
to ether diffuser geometries , Figure 7 is a plot of the crass sectional
area  as a f u n c t i o n  of distance. Included in the f i g u r e  are the area
variations for a conical and square diffuser with the same inlet and exit
areas and also for a diffuser with the same inlet and exit geometries as
the presen t diffuser but with four straight sides. It is seen from
Figure 7 tha t the area changes for conventional conical and square diffusers
a r e  much s t e e p e r  t h a n  the change in the presen t  d i f f u s e r .  The reason fo r
this b e i n g  t h a t  the presen t d i f f u s e r  must  also serve as a t r a n s i t i o n  section
and thus is much longer than normally necessary .

The fourth curve in Figure 7, which demons tra tes the area change
the present diffuser would have if i t  had fou r  straight sides , shows tha t
the initial increase in area is similar to a conventional diffuser but
wi th the flow over—diffused and then accelerated in the latter portion
of the d u c t .  Th i s  e x t r a  d i f f u s i o n  would increase the chance of f low
s e p a r a t i o n , thus , t h i s  geometry does not appear to be an optimum con-
f i g u r a t i o n . Tlte data shown in Fi gure  7 , however , does suggest it may be
possible to shorten the diffuser by having a more rapid increase in area
unt il A 2 is reached , and then making a sharper transition to the required
exit geometry while keeping the area constant. Caution must be taken ,
however , to assure the divergence angle in the transition is not too
large to cause separation , since the pressure normally will continue to
rise after the duct area is constant. The diffuser geometry shown in
Figure 6 represents a conservative design and was selected as the final
design for the present study.

The’ design of the prototype pump inlet was not carried out in as
much detail as the diffuser , since the f inal des ign wi l l  depend on the
information gained during the design of the model and its performance
tests. However , sonte’ of tite basic design parameters were selected and
a general layout of the prototype inlet was drawn from which a detailed
design of a model inlet could be made. Thle geometry of the meridional
flow passage from Station 3 to Station 4 is shown in the preliminary
detailed drawings of the pump designed for the planing craft. A sketch
of this g’~ome try is shown in Figure 6. Two of tIle other parameters which
must be specified in the beginning of a design are the location of tile
splitter and the offset of the pump center from the center of the diffuser.
The splitter is located 45° from the centerlint’ of the inlet duct to
compl y w i t h  conventional practice. Tite amount of o f f s e t  is calculated
on the  has  is of  c o n s e r v a t i o n  of angu  t a r  mor ne i t tu i n  f r o m  t h e ’ known don I rod
amoun t  of ‘;wir l  iii th t e  eye of t h e  pump . With 25~’ p re swi r l  f o r  the  present
pun;’ , the r eq u l  red o f f se t  was found t o  he I . 39 incites as is intl tea ted in
Figure 6.

_  
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Tlte flange geometry at the exit of the diffuser has a strong
i n f l u ence on the shape e’t the pump inlet, it is recalled that the
d imensions of the flange were specified at the onset of the diffuser
design on the basis of minimizing the transition in geometry in the
diffuser and on spatial restrictions of the pump . The pump inlet also
had some bearing on the selection of the flange dimensions , since large
outward curvature of the inlet casing should be avoided . As shown in
Figure  6 , the d i f f u s e r  exit  geometry  selected provides  smooth e n t r y
into the pump with oni’, a small amount of ou tward  c u r v a t u r e .

The remaining details of the inlet design consist of specif ying
the geometry of the outer flow passage as a function of circumferential
location. Since the passage geometry near the exit of tIle diffuser is
for the most part fixed , a sec t ion in this reg ion can be used as a r e f e r ence
and the c r o s s — s e c t i o n a l  area of the f l ow passage can be var ied  l i n e a r l y
front  the r e f e r e n c e  section to a zero area at the’ splitter. This part of
the design was not  car r ied  out  in d e t a i l  f o r  the p r o t o ty p e  in let , but
will  be presen ted in more d e t t a t i  fo r  the  model i n l e t .

4 . 2  Model Desi gn

A model of the diffuser aitd pump inlet shown in Figure 6 was designed
and constructed to experimentall y evaluate the performance of the system.
As shown in Figure 6, the real diffuser feeds the inlets of two neighboring
pumps; thus , a model wi tit one pump inlet require’s a diffuser which representn
half of the prototype diffuser. For this reason , the mode’l diff user is
asymmetrical with a straight solid wall representing the line of symmetry
ind icated in Figure 6.

The design parameters for the model diffuser are the same as for the
real system. These parameters are  llste’d below for comp le teness:

H
- .267

B
1

H
• 2.877

B
2

A ,1

A
i

1.90

— 12°

In a d d i t i o n  to m o d e l i n g  the  p r ot o t \ p e ’ d i t f u s e ’r , tile ne’w diffuser
was also designed to be compatibl e ’ w i t h  the  t a c i l i t v  of Refcre’ns’e [1).

L “
~~~~~~~~~~~~~~

‘ 

— .——--——~~~~~~ ---~~ —--- “- — — ‘— ,‘,



.— h-.--- ~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ “ 
—.—— —~~~. -., . --—— . - — —-— ,-------- . --~.—----~-

.- ‘—. - ‘----- . ---—— . -J.

‘-1 7— A p r i l  4 , 1979
AM Y:c ac

The diffuser inlet dimensions are , therefore , specified by the’ section elf
the facility which is provided to create a velocity profile simil ar to
the boundary layer  on the planing c r a f t .  Near t ile en tra nce elf the diffus e r ,
the ~,‘:j 11s of thte inlet section curve outward slightly to  p rov ide  smooth
entry into the diffuser. Therefore , the  diffusloil process actuall y begin s
upstream of the diffuser channel. ‘rile dimensions a t  the’ throat are:

H1 — 2.50 in.

and

B
1 

— 9.375 in.

while the dimensions where the diffuser channel begins are’

H
1
’. 2.83 in.

and

B1 9.375 in.

S t a r t i n g  a t  location 1’ the diffuser is designed sintila r t el the  proto-
type diffuser. The length  of the duc t is de t e rmined  to he’ 40. 3’~ i n .
Three  sides are st r a i g h t , two sides d i v e r ge ’  at  a 12° tot al divergenc e
angle , and the wid th is varied to y i e l d  a l inear area change as expressed
by Equa tion (15).

B ~~~~~~~~~~~~ z + 26.53
2.83 + .2102 ~ 

(L

A pho tograp h of test  f a c i l i ty  r e v ea l i n g  the  geomet ry  ot the d i l m u s e r  I s
shown in F igure  8.

To e’st i IS t  rue 1 a um,ldel of the  pump inlet , deta ile’d tltrce—d imens I
spe ’c i f  icat  ions of the flow passages are r equ i r ed . Ft  r s t  , a p r e l i m i n a ry
sketch  elf the ou te r  contetur  of the’ in let  won maci c’ hv fel l l o w i n g  c o n v o i t t  ioui.i  I
p r a c t i c e  and by meet ing  the spec i f i c  g e om et r i c  r e q u i r e ’m e ’n tn  el f the’ prese’il t
s y s tem .  The d i f f u s e r  e x i t  geometry was known , t i l e ’ o f f s e t  was det e ’run ine ’d
to be 0 .75 in .  f o r  25% swi r l  in the eve , and t ite  s pU t t e r  was locat ed  ‘eS °
f r o m  the cen t e r l i ne . Secondl y ,  t h e  con tour  of the passage in  a m e r i d i o n a l
p lane l e a d i n g  in to  Sect Ion 3 was des igned to p r ov ide  a smooth t r a n s i t io n
f rout t he w i d t h  of the passage at  St at  ion 2 to  t hte w i  dt  it ,it Stat b i t  ~~ .

W i t h  th i s  much of the inlet design comple ’te’eI , the remalnde’t’ of the’ des1 1~n
consisted of de t e r m i n iu t g  the v ar t , i t  ion 01 th t e ’  f l o w  p .ms s .Igo around the
circumference.

Re f e r e n c e  so c ti o n s  were selected at  0 — ‘ 5 0 and 1 ‘0 ” an i d e nt  i t  beef
— in Figure 9. The a re’a of these’ Se’s’ t t O f l s  were ’ d c ’ term m e d  .inel t ile’ are ’,, s~

the remain ing sections were calculated W i t il a linear variation between t h e
referenc e sections and zero  area .i t the spi  i t t  or. Each Se’c t ton  I s’s’ , i t  Os1 .15

shown in  Fi gure  9 con id then he’ des i i t t ’ s1 to y ield the  ri’qu I red .u i e ’O . The’ 
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r e s u l t  i i i g  Se?c t ions are shown in Figure 10. it should he not Iced in
F i g u r e ’ 10, t h a t  in etrdt .r to  ma t n t  .i In a reas onable geomet rv as the sil l i t t  ot
I ~. . i p p t s ’ .ic iied , the side as we’ll as t i ’ e’ euite ’r w a l l  d imeit sions m u s t  appro:ie’It
the duuie it si ons o f  S tat i o n  3.

The model inlet won s’onst  ructe’d by produc’ lug numerous 1/8 ine’hi Se ’d’ I i on s
wh ie’h we ’re’ s t a5 kod together to v ielel r oug it c o n t o u r s  of the flow p a s sage s
10 produ ce  thie ’Se ’ SOs t ions , a c omp u t  e’F program was w r i t  ten w h i c h  ts e s ’k  the
5Cc’ i “ i t S  ~ f F t  gu r~’ 10 and th rough  a sp l Inc curve f i t  t lug procedure would
prod uc’s’ t lie’ 5Cc’ t ion g e o m et r y  at  mv axial locat [oil . Figure 9 is ott examp le
of ot is ’ of th ese’ so5 ’ t b its • loc’at ed at the cent e’r of t i le’ m e t  . A f t e r  s t  ~is ’k l ug  tile’
se ct  t s ’t tn  , the  contours wer e’ smoothed by using a plaster type filler
niatertal and the  t i ti., 1 f low p o n s . i g~’ shape’s were checked u s in g temp late’s
ot  t h e  see  t b e l t S  showit  in F’ igu r e ’  10. F i g u r e  11 is a photograph of t it e  two
ha lve ’s of  tile itt l e t  re’’e’e’.tl t u g  the ’ inner c o n t o u r s  of  the inlet. h’lte)tslgraphs
of t hie’ inlet tiist ,iI le’d il l  the ’ tes t le ls’j l at e shown In Figures 8 and 12.

3 l o s t  Pr o~~r , tnt

r. i t  us ~ind Expe’ r Imen t .tl I’ roe’e ’dure’s

The’ t OS I prelgram e’ s ’ l i c t t t s ’ t e’dl w i t  Ii t i le? fle’W s i l l  fuse’ r and s’ O i l V  em t iona I
V ~~~~‘ pump iii let was s im (Ia r t o  t h e’ t os t  p rogr am w i t  ii t h e  v , in t ’d \‘s) 1 ett e .

Except I e~ t the ’  dii f s i n e ’ r and pump 111 1 e’ t , t lie’ r ema I nde r of t ite eXjle ’ r m e n t al
app. i  r i t us was a 1 se~ the  s.Ime’ as the’ i~~~’” i t lun p1 os ’, r , iu  L 1 . A p hd ts l gt’ap ll
of the ’  f Os ’ i l l  t v is showit i i i  F ic, st r e ’ S , .tnd , i  ns’itvma t Ic of t he’ f,1e ’ i i i  t V

l i i i ’ I fl$ t rume’n t .1 t ie) fl I S  s i towi t  lit FI gu re  1 ~

From the sc he’ma t i e ’ , i t nov be ’ net t iced I Ito t C l I n t  rd I vol \‘ e ’S O tt  t i l e ’
1 2(h) C L’~t e’X h l , I U S  t o t a t o  I t s ’  t (1 t t ’~~e’i tt , i n  t l~~ v W e l t ’ l i t  t h e ’  prey ion s program
Tb is was dtii’ to the 1200 CFN e’x h . t s in t c ’r he ’ tug tile ’ l i m i t i n g  e’omponcilt
in  the n v s  i ’ m v i  t Ii re’garel to ma xi itt i .‘ I u~ t h e ’ I low ye ’ lot ’ it y . I t Is des I t ab I
o tt,ivo an it ig ii , t  y e ’ I t ’ e ’ l i v  i n  pom; i l l  It ’ I i i  oi’de’t  t o  i r n p r s~~ ’e’ the ’ I lOW

Its’.I nu t’emt’n t S . ‘The TII .I X I rn u imm Vt’ l O s  i t  \ li t tile’ t it t e ’.l t o f  t lie ’ p1’ t’ Se’I t  t s o t  si’l
W.15 lp pt’Ox i m n . i t e ~1y 120 t t nt ’~ ’ , wit it ’hi IS t ite’ S.tiiie’ OS it W~I S  I or ti le ’ I’l’ t ’V ions

t e s t S  [1 1 ,

i h i c ’ i n s t  t ttflt e’nt , t t I Ott and the ’  exile’ r I me’it t .11 p r o s ’ ed i t  t o n  we’ t o  ,t l s o  s Im b l at
to  t ite p rev i o us  t e s ts  e ’x s t ~ pt  1 d r  .1 I e’W m i n o r  mod i t  ( c a t  l e lits . Tlte’ f low
was Otic C ago in a l l  gti*.’d with the’ dli I l i n e ’ t Un I ng wedg e ’ i’ robe ’s ! O~ ’,t  t ‘d t i n t

ups I ream (I t  I t t e ’ dl vi dot  s t o  Se ’it n t  I lie ’ f l o w  s i t  F e ’ s ’ I lelli , These’ we ’ si ge ’ probe ’s
we ’r e ’  e’ottitt.’c ted t e l  two 1)— tube’ tin t t , s;;; e . 0 1  . Tite ’ f l s ~es s~ sl i t t1  I t  i t’tis at t ile’ t ii to,l I

sit t i t e ’ f .ic I I  i t  v were ’ de ’ t e’rm I ited usIng a n i n e ’ t u be’ t o t  .t I p r e ’nns i  I t ’ rake and
si at  Ic j s r e ’n s i t i ’ e’ wa l l  t~ips ott thit ’ top . l l t e i  hot I en!) o f  t ilt ’ elut’ I

N , , , t  t ue e xit of t i t t ’ di t f tine ’r , ve ’rt i ’ . i  I nut ve ’vn w e i e  s ’ s u i s l i t t ’ t c ’d w i t  ii

bo t ii a t h r e e — i t o  Le i r  I sm prob e  ,, i t d .i I I ye ’ -ho l e’ p u  I probe . The I i y e ’— ho l~ ’
p1 oh ,’, wit i t ’ ll v a ;  m i n t ’ ti f or  mels t  i l l  I it e ’ t en t ; 

* 
W.In ilel t long e’ t t e ’t t s~ iI 1 0 re,te’it

a ll the w ay  . te ’ t O S S  I he’ dl I t u n e ’ r thus, t i te ’ t hroe’—h o 1 e probe’ was used to  oh—

L 
_  __  _
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t am . i  comp lete survey. The three—hole probe was used in the nulli ng
macic’, whi Ic tu e t ly e— h o l e  probe was a lways  used in the  n o n — n u l l  ing
mode.  Compar i sons  of the ’  da ta  f r o m  the  two probes served to  v e r i fy  t h a t
the  j i t s t r u m e n t a t i o n  and da ta  r e d u c t i o n  programs were w o r k i n g  p rope r l y .

As shown on the s c h e m a t i c  of F i g u r e  13 , the d i f f u s e r  f l o w  surveys
were’ ne)t conducted right at the exit of the diffuser , bu t a shor t
d i s t a n c e  u p s t r e a m . This was necess i tated  b y the diffuser extending
i n to  the  cas ing of  the model pump inlet and also by the space req uired
b y t u e  t r ave r s ing  device .  The re fo r e , t u e  l oca t ion  of the t r averses  was
ap p r o x i m a t e l y  5.9 incites upstream of the d i f f us e r  exit. These’ surveys
were conducted in 0 .25  inch increments. Tile device used for positioning
the’ probes and nulling the’ three—hole probe can be seen in the  p h o t o g r a p h
of F i g u r e  12.

Ci r c unt l e r e n ti a l  surveys  were conducted  in the test section of the
modt ’l , ~~~~ inches  downst ream of the  l i p  ot  the  In l e t .  Three su rvey s
were ’ c o n d u c te d  a t  rad ia l  locat ions  1/4 , 1/2 and 3/4  of the  d i s tan ce ’
across  t h e  annulus usIng 6 degree Inc rement s  f o r  the  f u l l  360 degrees .
A lter examining the I n i t i a l  da ta  f rom these surveys , a m o d i f i c a t i o n  was
ma c it ’ to the’ i n l e t  hop t u g  to improve  one area where  t i m e  t o t a l  pt’ onsti rc ’
l o s sen  were  large . The th ree  c i r c u m f e r e n t i a l  surveys  In the t es t  s ect i o n
were then repeated with the’ modified i n let  installed .

The major citange in the e xp e r i m e n t a l  p rocedure ’s was tha t a l l  p ressure
n t easur c’me’ t t tn  made th rougi l  the  scan lvalve and pressure  t r a n s d u c e r  were
made f i v e  t imes , w i t h  the  raw da t a  averaged b e f o r e  the d a t a  was redsice’d.
This was done to eliminate some of tlte scatter in the  d a t a .  To f a c i l i t a t e’
the data  a c q u i s i t i o n , an au tomated  sys tem was used which  made a pressure
r e a d i n g ,  punched  the da ta  on paper tape , and then  indexed t ite s c a niv a lve .
Onl y t he  p o si t i o n i n g  of the  probe was done m a n u a l l y .

R e s u l t s  and Discussion

T h e  r e su l t s  fr o m  the  va r ious  t est s  ;t t c ’ presented  in t h i s  s e c t i o n .
‘l’ime ’ v e l o c i t y  and pressure measurements for each test are first presented
and l ) r i e ’ f l y  d iscussed . Overall  r e s u l t s  which d es c r i b e  til e p e r f o r m a n c e
of t h e  d i f f u s e r  and t ite pump in let  are then given near  the end of the
s e c t  j olt .

~1casurements  were made a t  the t h r o a t  of t ite  f a c i l i t y  a t  the b e g i n n i n g
of each test because these da ta  are needed as a r e f e r e n c e .  As in the prev ious
s tud y [1 ] ,  the  v e l o c i t y  (V~~) measured at  the  f l i n t l l  t ube  of the  t o t a l  p ressure
r a k e ’  is used to n o ndi men s i o n al i z e  the  ve l s ic  i ti e s  and p ressure s  t h r o u g h o u t
the  s tud y.  When all the t h roa t  da t a  f r o m  the va r i ous  tes ts  were p l o t t e d ,
t h e r e  was found  to be a significant amount of s cat t e r  f r o m  test  to t e s t .
Ral l ier  th an  p resen t ing  a l l  of t h i s  da ta , l i n e’s representing t h e ’ mean of
the dat a  are p l o t t e d  in F Igure  14. The sc a t t e ’r Ill the o r i g i n a l  da ta  is
a t t r i b u t e d  to an unsteadyness in t u e f l o w  r a t h e r  t i tan e x p e r i m e n t a l  e r r o r .
The ’ref s i r e , i t  is f e l  t t h at  the  1 it t e ’ s in F l  nr c  14 represent  I a i r l y accurate1~’

_ _ _ _ _ _ _ _ _ _ _ _ _ _  
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the time mean f low in the t h r o a t .  T h i s  conc lus ion  will be further supported
by the d u t . t  f rom the o the r  st a t i o n s , which  show t h a t  the measured mass flow
at the  va r ious  s t a t i o n s  agree w i t h i n  4 % .

The v e l o c i t y  and pressure p r o f i l e s  f rom the cur ren t  s tud y are compared
w i t h  tue  co r respond ing  data  f ron t  the previous  s t u d y  in F igure  14. These
comparisons show t h a t  the v e l o ci t y  and t o t a l  p ressu re ’  p r o f i l e s  are not
as steep as in the previous tests . Otte possible explanation for this is
that t he unsteadyness observed In the flow may have induced addi ti onal
m i x i n g  downs t ream of the wires, thus smoothing out the profiles. Although
the i n le t  p r o f i l e s  have changed sli gh t ly , the  pe r fo rmance  of the components
Ifl the two s t u d i e s  can s ti l l  be compar ed~ since the  pe r fo rmance  parameters
are based on changes th rough  th ’~ component  ra ther  than absolute  va lues .
Tite e f f e c t s  of the changes in the in let  p r of i l i ’s on the  component  per-
formances are not considered to ~~~~~ significant.

The next set of data presented are the velocity and pressure mea-
surements made just upstream of the diffuser e x i t .  F igu re s  15 and 16
show the velocit y profiles measured with the three—hole probe and five—
hole probe , respec tively. Figures 17 and 18 similarl y present the pressure
p r o f i l e s  measured by the  two probes . Comparisons of the data Indicate
t h a t  the two probes yield almost identical results. The data from the five—
hole ’ probe ex h i b i t e d  s l i g h t l y  more s ca t t e r  than the th ree—hole  probe data ,
but t h i s  wa s  not unexpected because the type of f i ve—hole  probe used is
e x t r e m e ly  s en s i t i v e  to v e l o c i t y  f l u c t u a t i o n s  p a r al l e l  to I t s  axis. The
good .i g l’ e’ement between the two probes i n d i c a t e  the d a t a  a cqu i s i t i on  and
the da ta  reduct ion  programs were opera t ing  proper l y .

The da ta  in Figures  15 through 17 can be compared to the corresponding
data  in Figure  8 and 9 of Reference [1) to see if the f low through the
two diffusers responds similarly. Although there are found to be some
d i f f e r e n c e s , f o r  the most pa r t  the v e l o c i t y  and t o t a l  pressure p r o f i l e s
are quit e ’ similar. The major difference between the flows in the two
d i f f u s e r s  is In the s t a t i c  pressure . For the previous  d i f f u s e r  

~~decreased w ith increasing x / H , w h i l e  f o r  the  present  d i f f u s e r  
~~ 

Increases
s l i g h t l y w i t h  Inc reas ing  x/ }l .

The f i n a l  sets of da ta  obta l i led  f rom mea surements  made in the test
s e ct i o n  are  presented  in Appendices  A and B. The data in Appendix A
were ob ta ined  w i th  the pump inlet model In i t s  orig inal f o r m  as shown
in the photograph of F igure  11. Appendix  B con ta ins  da ta  t aken  a f t e r  the
model was m o d i f i e d . In bo th  Append ices , there  are’ f ive  f i g u r e s  f o r  each
of the th ree  c i r c u m f e r e n t i a l  surveys .  Tile f i v e  f i g u r e s  present  the th ree
v e l o c i t y  components , to ta l  pressure  and the s t a t i c  pressure’  as a f u n c t i o n
of the circumferential location . Initiall y the d i scuss ion  w i l l  be concerned
w i t h  the da ta  of Appendix A , and , t h u s , ti le observat ions leading  to the
modifica tion of the inlet can be made .  I t  w i l l  he n ote’d now , howeve r ,
that the modification was unsuccessful in improv ing  the pe r fo rmance  of
the Inlet.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ‘- - - . - . - ‘ -‘ -- ‘- - - - -‘ -
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To he lp  v i ,’.u a l i z e  the ’  n a t u r e  of  the  f l o w  in the tes t  sec t i o n , the
~‘ e’l ec  i tv  components  p l o t te d  in ri te i gu res  of Append ix  A a re  presented

— in h ’ i c t ~~r i J i  t o r m  in Figures l~1 and 20. F i g u r e  19 shows the  d i s t r i b u t i o n
of the v e c t o r i a l  c o m b i n a t i o n  of \‘~~ aitd in the  m e a s u r e m e n t  plane of the
t e s t  sect i on .  The ar r o w s  i n d i c a t e ’  the ’  d i r e ct i o n  of t h e  v e l o c i t y  v e c t o r
at each measurement  lo c at i o n  and the ’  l e n g t h  of the a r rows  are  p r o p o r t i o n a l
t o  ti m e’ m ag n i t u de  of tile v e l oc i t y .  F i g u r e  20 s I mi l a r l y  g ives t lte p i c t o r i a l
r e p r ese n t a t i o n  of the  a x i a l  v e l o c i t y  compon en t .

One slt  the  p er fo rmanc e ’  c r i t e r i on  of  the ’ pump i n l e t  is the  u n i f o r m i t y
01 the t’l u w  going i n to  the eye’ of  the  pump . Figures  19 and 20 can be
r e a d i l y used to examine t h e ’ u n i io rmi t v of  the  f low and t is loca te  problem
a reas . T u e  veloci~~v V e c t o r s , V — V 0 + 

~ R ’  shown In F I g u r e  19 are  q u i t e
u n i f o r m  excep t  in the se c t o r  be tween 90° and  200° where t it ere  appears  to
he ’ some d i s t o r t  ion.  The s i g n i t  ic a nt  in p r o v em e n t  in t h i s  aspect  of the
f l o w  is ap p a r e n t  when F igu re  19 in  compared  to the cor responding  f i g u r e
[or t h~ v o lu t e  type  In l e t .  The V a + V R d i st  r i b u t  i o n  f o r  the v a n e d — v o l u t e
was h i g h ly  i r r e g u l a r  and was found to  be composed of vor t  ice ’s c rea ted
in each vane  channe l .  No such f l o w  ir r eg u l a r i t ie ’s a re  observed fo r  t h e
present  i n l e t .

One o t h e r  aspect of the  f l o w  w h i c h  is a p p a r e n t  f rom F igure  19 is
the l a rge  amount  of s w i r l  p r e s e n t  . I t  is re’t ’al led t h a t  the inlet.  ~~~
dc ’s ig i t e c i  to  have 2~~ s w i r l  in t h e  eve ot  the’ ~ uni~t . However , t s r  t i te  t h r e e
circumferential surv e ’vs  w i t h  r 1.93 , 2 . 5 4  and 3 . 1 4 . the a r i t h m e t i c
averages of V 0 /V~1 are . 7 7 3 , .7 12  and . 5 b 3 , r e s p e c t i v ely .  Tit is  is e st i m a t e d
to be an excessive amount  e t  sw ir l  w h i c h  would  c r e a t e  p rob lems  in o b t a i n i n g
the requ i red  amount of head r i se’ throug h the  pump . T il er e f or e , th is aspect
of the f low must be improved.

Compar ing  F igure  21) w i t h  Fi g u r e  11 o f R e f e r e n c e  [ 1] ,  i t  does not
appear tha t tile u n i f o r m i t y  of ~~the  a x i a l  ~‘e loc ity  component  was improved
as si g n i f i c ~i nt l ”  as the V 0 4 V~ component .  A l t h o u g h F i g u r e  20 shows
there  are many  smal l  ye b c  i t  v ~l uc t ua t ions  , the ’  d a t a  in the app e ’I ldix more
c l e a r ly  show t h e r e -  ~ire ’ t c ’wc ’r large’ v e l o c i t y  d e f e cy  w i t h  the’ p resent
i n l e t  than  w i  Ut the ’  v.~...’ch — v o l u t e  I n let .  As w i t h  V 0 + V R ,  tite sector w i t h
the’ large v e l o c i t y  de fec t is between 90° and 200° .

To ga in  f u r t h e r  i n s i g h t  into the  cause  of  the v e l e c i t y  i r r e g u l a r i t i e s
in tite sec to r  between 90 ° and 200 ° , the t o t a l  p ressure  p r o f i l e s  in A p p e n d i x
A e’an be examined.  In F igures  A . 9  and A . 14 , an ab vious  t o t a l  pre ’n s u l e  de ’
f e e t  is observed centered around 160 0 . T h e r e f o r e , tile v e l o c i ty  di stort iemin
observed in F igu re ’ 19 and 20 seem to be caused by a wake or sepa ra t ed
region in the i n l e t .  To t race ’  t ite  o r i g in ct  the  t s l t a l  p ressure’  ~l e t  i c it  •
it must be remembered that the swirl in the  f l o w  It as c i r c un t f e r e n t i a l l y
displaced the d e f i c i t .  On the ’  basis of  the  average s w i r l  in the flow ,
the mean axial velocity , and the d i s t an c e  between th’ lip of the ’  i n l e t
and the probe , i t  was found  tha t  t i t e  t o t a l  p r e s s u r e  d e f i c i t  was d i s p la c e d
app rox ima te l y 70 ° . ThU S , the  p rob lem appears  to o r i g i n a t e  in the  r eg i o n
around 90 0 .

‘ -‘~~~~~~~-- - “ -~~~~~~~-- - --.~~~~~~~~~~~~~ ‘~~~~~~~~~~~~~-
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‘Flit ’ c i t ’S 1 re ’ to ‘ I im i t i a  t e  the’ ye. t oe  it v ,mii ~1 t c i t  a 1 p re ssu e dc t cc t a
w j ~i h not  i~’atiotm t a r  m a k i n g  a m o d l i  i c , m t  ion t o  t u e  I i i l e ~t . As sin ’wtm

mi t ime Sc hem i t Ic  a t  Figure 1 3 , the’ 900 1 oca t Ion iS  li t  t h e  sec t  i O i l  e l f

t h e  i n l e t  I ,ic i n g  the d i f f u s e r .  W i t h  t h i s  i t t  m i n d , t h e ’ p hot o g r a p h a t
F t ~~t i i t ’ 11 shows th a t In t h i n  r e g i on  the ’  l ip  of  t i l t ’ i n l e t  pose’s .111 abrupt
a b st , i c  Ic t e l  t i t e ’ f l a w .  Tht~’r e f  O t t ’ , i t  w .in f e l t  t h a t  the ’ t h a w  wa s  s e p i l  i t it1 ~ .

t torn the’ lip ~‘,iu s iug  the observed v~’ 1 o~’ i t V ,iild t o t a l pre ’nsut e ’ del  t~~ ’ t

h i t , lip is t l e t ’ e S S , I C V  to prevent t h e ’ I 1o~ f rom go i i~g d i re’c t l v  j i l t  o
t h l e ~ e ve w i t  it eut  d t s r  r ihu t ing it se’ if a round  t ile c I r e u r n f e’r e i tc e ’ . R~’t e U  c U e ’ c ’
5 J 1 Ve~~-, Jit e’X_lmI’ 1~ a! . i i t i t t  1e~c wi t  I c i i  was built wit hout  t i m e ’ l i p  ,uic l

t a r  w h i c h  tent results showed t h a t  t tie t Low r a t t ~ was r e ’ d m m ~’ e ’d i ’v 1 O~
ron design due’ t a t ti ~ puni p be ing  Uf l e’VC’ll I v  SU ~~~ ii eel . h l u w ev e  r , I or ti m e
1 e s t ’n I l i t  I c ’ • it ‘~‘ , is  I e ’ 1 t t ha t t h e  l i p  w as  net p r op e r l y d l v  i d i n g  t h e ’
low in t ~‘ th’ st  r e’atus vii Ic h s i to ul d ~;c’ ci i t  OCt 1 ‘.‘ l i t  tO the eve ’ and  t ito S c ’

wi t  i c h sh o u l d  he dir ec  ted a round  t i l e’ 0 1 i’ c’ uni t e’ r e ’ilc 0 . In F i gu re 21 , t h u .’~’
s’~~’t  e’li ’~ a t  t i l e ’ f l o w  In t h e ’ r e’g l o u  at t h e ’ l i p  show t u e  dc ’s I r e e l  I la s
pa t  t e’ r t t  , t he  sus pe ’c ted  t law putt e ru  w i t hi 1 1 ow se ’ pa r a t  i o u  , and the
mod it 1 cat  ion usiele  t o  the  l i p  to i o u  j e ’Ve ’ t i l e ’ des i r e e l  t 1 o w .  ‘h u t ’  mod if 1c ’,i~
t iOil coils is t 5 0 1  a sp i It tot t o  d l v  Ide’ the’ twe l t low re ’g l a t i n  and an c x —
tens lou he Low t i m e ’  s~’ l i t  t e’r wit i c i t  r e ’~Iu~’ e’s the  b l u n t n e s s  o f t u e  l i p .  l’he’
e’X I 0115 i an  be low the split tet- was c on t e’ red on t h e  cent  e’ r h  tie of  t he ’ d i t  I i i  S e t

r a t h e r  than em the ix in a t  the J’ms ~t p .  T h i s  wa s  c l OUt ’ to direc t umare ’ [las’
~‘ t h~’ tol) ~l f  t h e ’ itil e t and , t hus  , r educe’ t h e ’ amount of  swirl in t i t e ’
lOW. ilte ’ p hio t t l~~ r iph  of  t he i n l e t  in  F i g u r e  22 c i  e ar L s ’  s mow n t hme ~ mod i f  I —

e’a I It ’ll wit ich was m a d e ’ ,

The t e s t  dat  a [a r t ite’ moe1 I le d inlet are pre’se’n t eel in  ~\ p 1 e ’uid i x  h
and s Lu I lar  to he ’ Ic ’  t o , F i g u r e s  2 1 and ~~~~ g I V e ’ t h e’ p i e ’ t a r  i , i  1 r e p  to se ’um I a—
t i e) n  a t  til t’ V t ’ l o t  it ’,’ f i e l d .  it  is  e’j e ’,ir [rein the’ d .m t a  t hat  t h e mod it i—
c a t  i o u i  was u n s u c c e s s f u l  In e’I i~:m i U . i t  ing the \‘ e ’ lao It v ,mneI t o t a l  p re ’so u u’ e ’
do I e’c t . In t .ic ’ t • t i le ’ eL’ t e’c t a i i , t \ ’ t’ bee c’me I a rg~’ r . On t he tsa r e  ~~e ’5 i t 1 V 0
side ’ , F i gure  24 does show t h a t  t he  f l a w  o u t s i d e ’ t he d i s t o r t ~’d , l t e ’,i has

out ’ mc r e’ un [[0 rm. [‘hero fa r - , t lie’ c e ’t t c ’ Opt o f d I v i  d lu g t i l e  I l aw  d O  e S
_ I p p t ’a r t a improve  t i l e ’ 40.1 l i t  V 0 1  t h e ’  I I ow a round iit~~ n t a t  t i l e ’ c i ret i fl l f e’ r t ’ui ~’ e’ , - -

I thoug ht the ’  p r o b l e m  in t lt e’ re’g i o n  at’ c’und 9t)~ m ust  st  i l l  he so l~’~’d .
in  1” i ~; em re ’ 2.’ a r e ’ t u f t s  wit  i c i t  we ’ r e  used t el clis 5e ’ r\’e’ t ite’ n~t t o r e ’ a t  t ito I low
In t ite i mi l t’ t . Despite ’ tile I , i U t ~ e ’ te ’ t a t  p ressu  i t ’ w a k e ’ t 0th -id i i i  the cL-i t , t ,

.1 se’p ,iu ’a ted re ’g L o l l  w as not .il’j1iren t t rout t h e’ be ’ii,i~’ i c ’r of t h e ’ tufts .
t h e r e  L a t e ’ , unde ’ i- s t  ,luld I Ut ’, t he ’ c , i t t s e ’ a I tile total pressure’ tie ’ f e c  t w i l l
r e q u i r e  d e t a i le d  IT low su r v ey s  i n  the  i n le t .

Be’ fo re’ 1 e’av lug tile d i  se’us s ian  of  t he meld I f  i ed i n l e t  • ~‘ t t e ’ mOl ’ e’ ~~c’ l i l t
e’ , l l l  h e ’ brought clO t  . The’ e x t e n s i o n  below t ue uipl It t e ’r d id  re ’d t m o e ’ t h e
sw.i u i In  t h e  I low as p lanned. For t he’ utoel i t  I ccl I ill  e’ t , t h e ’ a\’ e ’ t ’agt ’ \‘.i I Lie’s
of  V 0~’ V 1~1 . i U t ’ . -c ’~7 , .408, and .20b t e ’t t u e t i i l ’ e ’ e’ 5UtV e ’V5 it  t’ . i e i l I of  1. ’) ~~ ,

2 ,  :4, and 3. 14 iitc lie ’s, re s p e c t  i vt i v . T h e ’ i c ’  I c ’ r e ’ , t h e ’  pr ob I e’Uu C’ I t ile’
e’Xc ’ e’SS I y e  amoun t c l i  SW I r L In  the ’ law c , m t t  h~’ so I v..’d 1’ v e l t . i ng  t u g  t h e ’ shape’
of the e’x t e’IIS j o l t  as w e l l  ,is ems i it t ~ ot’v tOIlS sal c i t  [on at  c i t_ tog lug  t h e
offset of the pump w t t i t  r e ’ spe ’ t t  t o  t h e  th it t il ser.

-
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—
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i t  h .11 1 ol  t h e  flow me’a 511 re ’me ’n L a  deso r i bed , t he’ per  fo rinauic c’s at
• the ’ ~h it i u s e ’ r and PUII1 I ) In  I t ’t w i  Li i  l’ e’ n l l e ’ c t I a l O S S e S  c’an he~ d i  s c m u s a e d

l i t  I , i h t l e  1 , LIme ’ , i ’, ’ t i ’ t m ’ t ’ cl i : u l e l t n I O f l l C S s  V c ’ I a C  t t \ ’  , t Sc i~.i~~S ,IVCt’a,~c ’ t o t a l
pressure ’ coe ’t I m c i ~ ’ i t (  and t h e  d im e t i s i o n l e ’ss . m v e ra~’,e I low r a t e ’  are given

— t o t ’ I ho t h r e e ’ iue ’anu r e ’nm e~i t t  st at  lana . Tite d illt ’um sjou tle-s s I low r a t  I ’S  ai’ e-

i y en  on lv l o u -  . m c ’ hle ’c ’ k on t h t e ’ ac c u t . i c ’ ,’ a t  t lieu unea nu r c u n e ’u m t  s and shtow
t h at  t i m e  ute ’. i s i i u ’ e’d f l o w  1_ at c ’s d i f  te ’ r 1)5 l e SS  t h an  4 . ‘I’he most  imp or  1, 111 t
p.ir m ue ’i e’r S ill  1’.ih Ic ’ I Ire time t o t a l  p r essu r e  cOol  f i c i e n t s  w h i c h  a t e  used
to cdl  cci i a t  e ’ t h~’ lo s St ’s t h r o u g h  I lie c o m p o n e n t s  . The’ rim tit l e ’ r i ll  wh i oh
t h t e ’ I ~l t u l  p r e s s u r e  c’ c ) e’t  t I c ’ 1 c u t S  ‘~‘e’rc ’ ma ss .mve ’rage’d i s the’ same as
de sc r ib e’d in  Rt’fer~’nc e’ [11

For the ~liffL is e ’r , t hi ~’ pr e s s u re  recove ry c ’ l e ’t  t i c i en t , Ci,r • d e f in e d
i n Eq u a t i o u  (1), c ’ , i I t  he c’,m lcu la te’d I rams the t o t a l  p r e s s u r e ’ ~asa  throught
t i l e’ d i i  t u ser  115 i l t e ’ ,  the  f a l  l o w i n g  e’(~ 1 u , i t  iott :

1
V~~~2

pr  I — 

~
“ 2~ 

— .\C 1 ,1, 1— 1 ( l h )

call in  t u r u l  he  u s e d  to c , t l c u l , i i e ’ lite p r e s s u re  re~’a v er v  c i  f i e ’ i e n c \ ’ ,
che ~t iutc d in E q u a t i o n  ( 2 ’ ) .  Cpr  is t o u n d  to  b~’ . 5 9 1  and ‘

~~~~ 

i-i .~~-th .

L ’r tile ’ p r e v i o u s  d i i  f u s e ’r , is i s  eq u a l  La .812.

I t in r e c a l l  ed th~i t t i t e  se~ ’or iJ :ic i s t i remeui t  a t .m I lout s’,is 110 1 o x , m c t  1 ~ ‘

i t  i Sc cx i I at’ t lie d if i u 5 e ’ u ’ , but . a she r I distance upst Fe miii . Th us , t h e
e’ l  I I c  c’flcV t o t  the to I.il  d i t ’ f u s e r  umav be less t h a n  r ep or t e d  ,ii ’ c~’,’~’ . How—
e\’e’r, up to  t i l e  m ca su r e ’use i t t  lOc ’,tt i n s i , tit ei performa nce a t  the  d i f i u s e ’r is
found to be b ett er titan the p r e v i o u s  di  [[user. ‘I’his i I u u l l r O \ ’ e ’fl le ’ u lt  t1i~t \ ’

b~’ the’ r~’sul t o f desigut in~’, t h e  di  [ [u s e r  w i t h  a c o n s t a n t  r a t e ’ o arc i

c htai i ~~e’ , a i nec  t It i s  r educ  c’S the  p r ossu  re grad i eiit  it  t l ie ’ out r ,inc  e 01 ti l e’
d i i  I uS e ’ r . The’ pert a r m , i t t c  c g a i n  may a iso be clue’ t a t h e ’  ‘,‘c’ b c  i t  v p r o t  t i e
out ~‘ring the d i i  1 1 5 0 1  h~’i ng mo ua ’ u n i t  o m i r  t h a n  in the ’ p r e y  i on s  t oats
For t im in reasaui , the counpu r jse’lt of t u e  two d i  [i  U s e ’ rs sliou 1 ci ho jut et’ j ) t e l  eel
w i t  t C - m u ’ o .  Rc ’~~i rd 1 e’ss a t  I lie cause’ o 1 t I l t ’ ir np r a v em e’n t • t i m e  p er  I 0 rm~ince
at the diffu ser is (ili t te’ 5 ,it j st; tCtOt ’\’.

The loss s t i m r a c u ’ , I t  t he  p u m p  i n l e t  will be’ exj’resseel in t e r ms  o f  a
hi e ’acl l o ss  c’O et  I i e i e i l t , K

1 , us s . i u ;  done’ in R e f e r e n c e  [1 . K 1 is def  m u t e d
bc  l aw

hi 2 g V 2
- _ I, ,

L
L 

loss e’oef t m c  l e n t  = - - — -
~~

- - = ‘~~ h ” l’ ~~~~~~ 
( 1 ,)

v~
where

it
1 

luc id lass

V ly e ’  r .n ’,e ’ ax i i i  V O l  0(’ it  V ill t he t I ’SI sec t  i al l

J Ce’e le ’r ,i t i c ) ul o t  gr m v i t v

- -- - ‘~.—~~~~~—~~~--~~~~ ~~~ 
—.-,- - -- -— -
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~
CP T = change in the t o t a l  p ressure  c o e f f i c i e n t  th rough

the pump inlet  
~
‘T loss~

’
~~~

’a,

The value of l(
~ 

calculated for the present inlet before the
modif ication was .635. After the inlet was modified , the value of
became .852. As previously concluded and again apparent from the va’ues
of KL, the modification made to the inlet was detrimental to its performance.
However , bo th values of for the presen t inlet are far below the value
of = 1.44 which was determined for the vaned —volute. Before the inlet
was modified , the losses were reduced by more than a factor of two .

A better understanding of the inlet performance can be gained by
comparing the values of KL with publ ished data for 900 turns. For
commercial pipe f ittings , a 90° elbow has a loss coefficien t of .90.
For smooth pipe bends of 90°, the loss coefficient reaches a minimum
value of approximatel y .19 at a value of R/d = 3 (R = radius of the bend ,
d = diameter of the pipe). On the other end of the scale , the loss
coefficient for a mitered bend is 1.1. Turning vanes added to a mitered - ‘

bend can reduce the loss coefficient to .2.

With the values of KL rang ing from approximately .2 to 1,1, the
present inlet falls right in the middle of this range. If the total
pressure defect could be eliminated the value of KL could be reduced to
approximately .5. Beyond this value , a further reduc tion in the losses
does not appear feasible. When comparing the pump inlet performance to
pipe turns , it must be remembered that the hub portion of the inlet ,
not presen t in a pipe , represents addi tion surface area to cause friction
losses and could also induce addi tional secondary flow losses. It
should also be noted that the present inlet turns the flow in a shorter
distance than possible with a mitered pipe bend ; i.e., the wid th of the
inlet is less than the diameter of the pump eye. Under these observations ,
the performance of the present inlet is quite good .

SUMMARY AND CONCLUSIONS

Results from several different analytical and experimental studies
relat ing to various aspects of a water jet propulsion system have been
given. The first stud y investigated the possible interaction of the flow
between the diffuser and vaned-volute reported in Reference [1]. This
was done by replacing the volute with -i a straight duct and making flow
measurements in the diffuser. The results showed no significant change and ,
thus , demonstrated that the volute had not altered the flow in the diffuser.
This is an important conclusion because it eliminates one variable when
trying to sLiect the best inlet.

The second stud y was an analytical investigation of the  feasibility
of an improved vaned—volute type inlet designed using conventional pump
practice. This stud y showed that for tile propulsion system tinder con—
sidera tion , t ite  l i k el  Lho o d  of avoiding flow separation from the vanes 

-~~. -~~- -,~~——--~~~- — ---- ---‘ - ~~‘--~~~~~~~~~~~~~~
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~~~~~~ 

j



-~~ - ~~~~~~ 
- ________________

—25— A pri l 4, I~~i9
ANY:cae’

— was not good. ‘t he restrict Ion s  w h i c h  Lime app lic at ton placed on the
ci ~ I gu we’re t lie ’ number  of vanes , the  max ititum wid lb at ’ the in let and
the  amoun t  at me’ rid lena 1 t I OW a~’ coloration through t h e ’ vanes. For
app  I lea t ic-ills who re’ these restrict ions are ’  not  p r e sen t  , a w in e d— v o l  u t i ’
may u-m t ill be’ an , i  t t r a c t  I ye e’ ho ice’ I or a pump m e t

‘rime thir d study cotis isted of designing and te’St lug a conven t lena 1
ty p e  d o u b l e ’ Sue t le t l i  pump m l  e’ I wh I ~lt met the spec II Ic r e q ul  m ’ e’meilt c t  t i me
propu I S lO l l sv I ou t . A new di  f t  Ui-m e’ r was a iso designed to ma te  it this in 1 c t  .

i”low surve’vs at the inlet and e x i t  of t i i e ~ d i f f u s e ’r ant i  pum p inlet were’
con elue ’ ted In  , u u t  ‘ m i r  model . Tile’ i ’ l l  h e ’ iene’y 0 t time ’ di f fusu’r , wit leh had
a 1,1 rge’r d I I [us ion ratio thai i  the  di I fuser ~i f  Ret e’reulc e’ [l~ , was imp i’OVe ’eh
s l i g h t l y . Al  so , t tic ’ lost ;  eec ft Ic’ I e’Ut f o r  the pump in let  was reduced
by more ban , i  fa t ’ to r u’t f two f rem time val t i e ’ oh t a I ume’d for the v , inee l  —Va h i t  .,‘
it t le t . iiaw e ’vt ’ r . the’ flow survc’\’u; d i d  revea l  a s ign  If leant total pressure
dcl t ’c ’t  in 0110 s ec t o r  of  tim e ’ I low c o r n i n g  t’rouui the ’  inlet • se iggt ’st tug fl ow
se ’p ; lr t t t  Iofl had occurred. El im in~ut ion 01 t i m  i i ;  5 & ) t i t e ’ e ’ of  lt ’~~ is’oul d  further
Imp rave ’ the pot’ t a u’ mau ue  e’ a t  time iiml e’ t . Future at i t ch  l o s  Site lU 1 d Ime ’ e’ cl ue e ’r ime d
wit It el1 I c’t’m I I I  I img t i t e ’ e’11USC and el hum i m m m l i  ng t ile observed t o t  .i I P I ’ e ’ t~ u ;uI rt ’
eie’ l e’o I . -
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STATION 2

H
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e=0
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F
110 , i i i , , , , p p p

PRESENT INLET TO EXIT
GEOMETRY WITH 4 STRAIGHT SIDES

100 ’ ‘

A (In.2) 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ CON (CA L

D IFFUSER W ITH 
.

1°DI VERGENC
SQUARE DIFFUSER

WITH 6~ D IVERGENCE
PRESENT D IFFUS ER
AS SHOWN IN
FIGURE 6
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