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The need L'or mater in  e x c e s s  of"~.the n a t u r a l  p r e c i p i t a t i o n  

and stream flow i n  t h e  a r i d  and . semi -ar id i~regtons~of  t~e~wes tern  

United States was created i n  ~the early part of the tw~tie~h cen- 

tury~by development Of lands ~d cltles along ithe~stre~s. 

Many storage reservolrs were built to impound:the spring run-off 

and freshet-flow, and the water later released.to,augment!.the 

natural supply of water during the dry season. 

as the development of land progressed westward, many/struc- 

tures were planned on streams inhabited,by the mlgratory fish. 

These presented an impassible barrler to the natural migration of 

t h e  fish. -,~'~ .... .  

Since Keswick Dam Is beinK constructed on a:stream of thls 

• type, it was necessary to provlde a~means ~whereby :the;natural habits ° 
\ 

o f  the  f i s h ,  whose m i g r a t i o n  would b e  :d i srupted  b y . t h e ,  b a r r i e r ,  

cou ld  be c a r r i e d  out  by the  a i d - o f  ar~ i£ ic ia l~ .me~hods  and t h e ~ e x -  

istence of the species Perpetuated. 

The artificial alds to fish migration usually:conslst of fish- 

ladders which are a series of~ascending weirs suTficlently i!owi~to ~ '  

permit the fish to progress upstreamby leaping from ~one weir ~tO 

t h e  o ther  u n t i l  the  t o p  o f  ,the dam l s -~reached.  '~:Tt~is:~ method w i l l  

~suffice If the dam Is low but if the :structure:~lj;~hlgh ~the fish- 

ladder becomes a ~aJor structure and'!the ¢Ost21s extre~aely hlgh. 

Whe~ a c o n d i t i o n  such : .as  t h i s  e x i s t s . a ~ : c n m b i n a t l o n / f t  ~.~a. ~.,~ 

• r• i • .... • • ; i l; I 
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l a d d e r  i s  u s e d .  I t  c o n s i s t s  o ~ a  n r i e s  o f  low w e i r | ~ w h i c h  c o n d u c t  

t h e  f i s h  t o  a t r a p  where  t h e y  a r e  removed sad  ~ a ~ s p o r t e d  above  !the 

dam o r  t o  a h a t c h e r y  where  t h e y  a r e  m i l k e d  ~or~Bpama. 

A l l  o f  t h e s e  t y p e s  o f  s t r u c t u r e s  r e q u i r e  a c o n s t a n t  wa te r  s u p p l y  

d u r i n g  t h e  season  i n  which  m i g r a t i o n  o c c u r s .  I f ~ t h e  t o t a l w a t e r  s u p -  

p l y  i s  t a k e n  from t h e  r e s e r v o i r  above t h e  dam a c o n s i d e r a b l e  amount  

o f  w a t e r  which would e t h e r w i s e  be v a l u a b l e  f o r  power  w o u l d  be w a ~ e d .  

For  t h i s  r e a s o n ,  i t  was p r o p o s e d  t o  u t i l i z e  p a r t  o f  t h e  o u t f l o w  from 

t h e  t u r b i n e s  t o  s u p p l y  t h e  f i s h , t r a p ,  i S i n c e  t h e u p s t r e a m  end  o f  t h e  

f i s h - t r a p  i s  above t h e  n o r m a l  t ~ a i l m a t e r  l e v e l  i n  t h e  r i v e r ,  i t  w a s  

n e c e n m a r y  t o  pump a l l  o f  t h e  s u p p l y  f rom t h e  t a i l r a c e  o r  u t i l i z e  

p a r t  o f  t h e  f low from t h e  r e s e r v o i r  t o  o p e r a t e  a J e t , p u ~ p  h a v i n g  t h e  

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

s e l e c t e d  f o r  t h e  Keswick i n s t a l l a t i o n  b e c a u s e  i t  w a s  a s  sound economic -  

a l l y  a s  t h e  t u r b i n e  and  c e n t r i f u g a l  pump a r r a n g e m e n t .  I t  had t h e  

added  a d v a n t a g e  t h a t  t h e  wear due t o  moving  p a r t s  was n e g l i g i b l e ,  

T h i s  p a p e r  was s u b m i t t e d  a s  a t h e s i a t o  t h e  F a c u ! t y / o f  t h e  / 

G r a d u a t e  Schoo l  o f  t h e  U n i v e r s i t y  o f  Co lo rado  i n ~ p a r t i a l  f u l f i l l m e n t  

of the requirements i'or the Digree , Master of.Science. A .copy of 

the thesis is available in the librar~ 

t i  



I, 

$ 

i:i~/ 

TABLE OF CO~T~TS 

Length of  m~xlng tube ....................... • ................. .~42 

Cavitation in the mlxlng tube......... ........................ ,43 

$ st-pump efficiency... ............... • ....................... .-47 

VI - PI~LI~IWAt~.Y DF.,SIGt~ 

A method for determining a preliminary design............ ..... .49 

F o r e w o r d  
@ ° @ °  @ l e ° e  @ ' ° & ' o e @  " Q  ° Q O Q D D O O O O ' ® I O  I ' @ O @ O e  e Q ~ Q ' @ @ ' O  o D e  

I - I~T~ODUCTIOH 

° . ..1. G e n e r a l ' ' * ° * ' "  ° * ° ° "  ° ° °  ° ° ° ° ° ' "  m°  ° ° " "  ° ° ° ° ° o o o  , , . - -o .o  ,o .  
e o e e e  o # o  

List of symbols 
e@'@@" m'°°leo@ 

@ @ m @ @ @ e e @ @ @ @ @ @ @ o m @ o  im o @oo @memmm..o 

Theoretical considerations concerning the design, 
• @8@@coo@me@ e~ 

I I  - PUI~POSE O f  ~0DEL STUDIF.~  

~eed for model tests 
@e@ I @ Qe°e UeeQ@@e'eeD~. OeQ@ 0@@0 eee e Oeee@e@eg~ 

Summary  . . . . . . .  . . . . . . . . . . . . . .  • . . . .  , . . . . . . .  • . . . . .  . 5  
~ o o  o e o e Q e e e o @ e ~  

I I I  - PI:~I~CIPLES OF 8 1 ~ I L I T U D E  :~ 

The theorem 

I V  - INWESTIGATIO~ BY HYDRAULIC ~0DEL ti: 

coast ctl and ~t method. ~odel ru on est .............. • - • • • • • .. • • • • , 1 9  

I n i t i a l  t e a t s  \ 
. 

I 

Te~ts of 2:1 mixing ratio design ................ ...., 
....... .. ~7 

Tests with proportional heads .............. • .... • • •.... ...... ,~ 

V - I~TE~P~TATIO~ OF RESULTS 

Analysis of the m~Its re ...................................... . ,341, 

iI: 
Z! 

l 

4 



, , ¢,,~ , . .  , , . . ?,~i ~ ' ~  . . . .  ~ • ~ . ~ . ,  ~ . ~ ,  ~. ~ ~,~ ~ ~ ~ ,  . 

-j!;~ 

i~,ii 

~1I  ,. CONCLUSIONS 

~ h e . a p p l i c a b i l t t y  o f  t h e  momentum t h e o r e m  . . . . . . . . . . .  ; ~ .  i i . ,  i ~ . : ~ 6 :  : ~: . i /~  

C a v i t a t i o n  ' ~: : 

B i b l i o g r a p h y  '" '*'" "':~7 ~ * @ o @ @ @ @  ~@ ~ @ @ @ @  l @ @ ~ e @ o @ @ @ @ @ @ @ ~ @ @ @ @ @ @ o @ @  @ ~m @ @ @  

1 -General a r r a n g e m e n t  

2 - D e t a i l s  of j et-pum~ 

3 - iodel arrangement showing selected alxln. - . . . . . .  i 

/. - Comparison o f  mixlng tube and dlffuxer pressures..........." ~:; :~ 

5 -Mixing t u b e  a n d  d i f f u s e r  p r e s s u r e s ; f o r  v a r i o u s m o d e l  ~ 
arrangements and model scales. • • •, ....... • • 

6 - P e r i ' o r m a n c e  curves for,varlous scale~ratlos~;of ~del ~ ~ ~ 
o~O jet-pump and various model arrangements......... ..... i 

7 - ~eat lines of water passages-prototype~inst allatlon'-.. ;'''~5 : :"~: i 

et ,i~4 of driving j 3 -Expansion • • • • • • • • • • .... • ...... • ............ 

9 - Vortices formed by mixing of;two Jets~at;~dlfrerent 

v e l o c i t i e s  • ~. @o@@l~oooeo@lmu01ooom~Qol@o@@t@@@oooQoo~ 

I0 -Prellmlnary design curves... .............. • .... ,... .... ,., ~2 

k 

~ i! k:ii~/ 

L 

i T< iiiiii i i ilill ..... 1:1 



_,*!. 

;; 

DEPARTMENT', OF.~THE.~INTEIIIOR. , ......... 

,i~.ii ~:••:•;':, ': - :.i :j',. ~. ,..• 

mglneerlng and.:~eologlcal :Control, , ~:~dra~i,c;I~o~ 
:~and'",Re s e a r c h  Divl Si on :~!Compiled ~,:;:by | ; ~ i ~ i ; I ~  

DenVer, Colorado {Re~-ieWed:.bys I::;~J..':~,W. ;~| 
September 26, " 1944 

Subjects Hydraullc~ stu 
Dam fl sh-trap 

:;I " INTROI~JCTION 

G e n e r a l . . T h e  jet-pump is.a~,hydra~llC:,appar'tdS;,,~n~.wm 

into the central' axl s ,:o[.-an annular j et,moving~ii;~a~l~:ali.low,.vel 

The! two masses mix, ahd the cc~blned flow,l.can';,th~ be ra~ 

head Intermeoiate .bet.eentheuteo. ;.In;.~thio &¢ti~:~/~he~:..pb~ 

e , ? ,  ) '2 

.,.k" " 

• -losa, is, due, to shock, or j~dden :. enlargement:~Of~:.:the'.~! . 

Jet. 

A Jet,pump.will be.us 

Eeswick Dam:where it"will. 

the  f iohway by u t i l | z i n g  t 

below the t u r b i n e s .  The:¢ 

will dlscharge.lnto a:dlst 

the fishwa~".where:lt will: 

to-the river . . . . . . .  .!,:~; ~: ~:~: .'!: :::" i:ii~ :-: " 
• r,/i ",. 

The:prototype ~atructure,  :fi. 

.long,-whichl tapered, from 5016:: Inch dlemeter,,,at ~th~:~ent~ce::,to...: .... " - 

Incheo::,at":the down.tream -:end, ~!:where i t  ::connected i~:~;;::'::-i.) !'" 
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85.A~. Inches long. -,iA:~diffuser, -25. " feet, in~ lengt~,.:and. ~''~ :" ~ "'~:.56~..Inches:'* :" ' ' .: ': 

:in 'diameter :at the:downstream ~md; ~",was:~:a~aahed .~to ~.~he '- c~- " "~ ' ~  .... ~ ..... "~ 

~: sectlon,and %ermlnated: at :the: cyllnder :Eats, 

used f o r  p r i m i n g  ti:(~ ,pump.anti ,  re s s u r e  

-:..%he a p p a r a t a e .  H o w e v e r ,  ~ t h e  i p r i m a r y . ! c o n t r o l . f o r  

:!discharge was in :the nozzle, where~ needle~ma~e:It~posslble ~to 

regulatethe total flow up toithemaxlmum~of~3~O:'cublc :feetper 
• L • - 

second. The circular baffle surroundlng~the:gate~eas~ntended:to 

reduceboillng, and splash result~n 

the opposing concrete:wall, 

L..~st of: s~mbois, 

PI 

P2 

QT 

~s 

:V T 

=pressure'across~.th e plane:of 

= pressure atdownstreamendof! 

=discharge from the nozzle~ 

;lag ,:the .total 

. • J :  

.: ,i:•• - i  :•:'~• 
.. :••i • 

= . d i s c h a r g e  f r o m  : t h e - . S u c t i o n  is ide  of PumP" ~ ":' 

=. velo clty:at' :-tube* 

Vs 

As 

At 

A N 

hd 

~h s 

- " , : 

! • 

= velocity: of j et ~. emlttlng ~ l'rom ~=the nozzle •r- "'"~ . . . . .  " ' : ~ii'il 

=- v e l o c i t y  o f .  $ u c t i o n . - £ 1 o w  : i n  : . the ,  p l a n e  ,:0 f;(%he ~: n o z  z t  ~'!,- : :. _ :::i'~r ::: 

= a r e a  p r o v i d e d  f o r i t h e ~ e u d t t o n  f l o w . - i n  ::the:i [ ! i . .  :i -:. .;. . . i! ::i~ i ": :!:! 
~inozzle, 

= e x e a : ; o f : : ~ i x t n g  ~%ube:.at the~: d o w n s t r e a m  e n d ,  

= •area. of~ t h e :  n o z z l e • •  - ~, 

= = p r e s s u r e  at:" t h e .  . : d i B ~ g e  . end  •o£ t h e ~ . d t - f £ u s e r ,  
~referred to:center'; l ine, of nozzle~-: ' ~" 

4- 

=:suctlon head referred :: to J:center .line oT the~:.aeedle. 

~ =' total!r head at:-:dlscharge :~end of:)diffuser. 



Hs = t o t a l  s u c t i o n  h e a d  r e f e r r e d  to c e n ' t e r  • l i n e  o f  . p u ~ p ,  

. ~i~ ='  t o t a l ,  h e a d  on  c e n t e r  , l i n e  o f  ' t h e  n o z z l e ,  - ' n o t ,  i n c l u d i n g  ,::~ : 
~he  p r e s s u r e ,  a c r o s s  ~ t h e  • p l a n e  :ci" ~the:  n o z z l e ,  ~ " ' ~  ~ . ~ •~; 

• ' ' i,i , ~ h e o r , e t i c a l  c o n s i d e r a t i o n s  c o n c e r n i n  on  

of ~ t h e  j et-pL,.~p,  ~as 

: / . ' /  

- ~. 

i',' :i~ 

follews" The t~o :jets.ls~ 

t r a n c e  n o z z l e s  i n t o  t h e - m i x i n g  c h a m b e r ,  

acro~s s  t h e  ~Ltxing c h a m b e r  i s a s s u m e d - . t o ~ b e  

a r e a ,  .The  j e t s  t h e n  c o m b i n e :  w i t h  i n e l a s t i C ; i m p a c t :  a o d ~ a t  

o t h ~ i r  e n d  o f :  t h e .  ~ i x i n g  c h a m b e r  t h e y  are s ~ p p o s e  

c o m b i n e d . ,  havlng a .uni 

arena. I~[ . t h e  m i x i n g  c 

and:  momentu~.i  c o m b i n e d  

g g g ,- ,: 

w h i c h ' ~ t l l  s o l v e  : t h e  p r o b l e m  c o m p l e t e l y ,  I f ~ t h e : i m i x i n g : . i ' s : n o t : c o m -  . .~. 

p l e t e  a t  t h e  e n d  o f  t h e . m i x i n g - c h a m b e r  and  

i n  t h e  d i f f u s . ~ , r ,  t h e ~ a p p a r a t u s ~ i b e y o n d : t  - . i 

theoretical analysl s. ~' ; 

When the:  = i x i n g  c h a m b e r  t s  c o n i c a l  t b ~  l o r c e  a c t i n g ~ o n  t h e  

m a s s  i s  n o t  t h a t  due .~ to  , the  

i 
, ' i  

b u t  t h e r e  i s  ia Components .Of  ~ t h e . p r e s s u r e  o n . . . t h e  ~..,which~.acts: ' 

along the e~vJ, s, and:the:momentum e~uation:beco,~es " " ~ :;~i. ~' - "  .-!:l 

-:,g ., .g g . . . .  : r 1 ...!~ 

• - ~ e r e  I s  -no ~Way~ o f  . k n o w i n g  P,-as..~a £ u n c t i o n  : 6 f  r ,  ~ o r ~ a s  .a !. f u n c t l O n  ...- o f  .~ . . . . . . . . . .  :~.~ :. i~i~ 

- t h e .  p o s i t i o n  a l o n g  . t h e  ~ i  S; :,.hence, t h  - -..~'~ 
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?he l e n g t h  o f  the,,aixing~.process varies wlth,::the diaaetera,..: 

v2scosltles, and vele 

a n a l y s t  s c o n c e r n i n g  ~ 

mein 2 .  ~ h t l e  these::s 

with. t e o  dlmenelonal~ 

problem t h e y t g n o r e ~  

ra in  c o n d i t i o n s  c a v t t a t t o n a l p ~ e ~ : o  

i f u r t h e r c o ~ p l i c a t e s  the.~ ~" ~" "'" 

. O'Brlen and Gosllne 

of Callfornla,.wltha small j et-p~mp havln~ 

chamber, to  d e t e r m i n e  t h e  agreement -betwee 

e n d  the  a c t u a l  r e s u l t s .  ' In~ t h e i r : p u b l i s h e d ,  re,:sult~, -"The~::Wi~eri~e&2 ' 

Pump.~" a formula has been: evolved-~whic :agrees~ withe:thei-tests. : ' 

However, r e s u l t s  were based on a : c y l i n d r i (  ,d:no: : 

d~t~ rwae available for pumps, with conlcal i"~:,.-.::. :": 

II -'~ PORPOSE:°OF,~MODEL ' 

~eed f o r  mod.elit, eStS~ ~iln v iew::0f  

t h e o r y  concerning", the:~dos lgn,  :~ In. combln~ 

s i z e  oF t h e  p r o t o t y p e ,  ~tt  was:iconsidere(  ~:~buildiiai~1110 

s c a l  e model with-  mht c h  t t .:. would:be .. p o s s ~ b l  • t o ,  deter~tne:~,the;~adeq~cy: 

o£ . t h e  o ~ i ~ l n a l  des~  gn and~ t o  ~ c o r r e c t  ~imy: d e f i c t e m c l e s  ~,~hat~were .~ ~j 

apSmrem&. ~i iii !~ 

"- .+ " / 2 ;  " }  

f :  ': 2"- i ' ,  : " 

• 1~ Re£erm~ces :~ An n u m e r t c ~ l ~ o r d e r :  ~r~ ~ i O ~ a ~ Q  .~ 
, v  " - 

: /  
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nozz le  d i scharge  (a ~:I.  pumping~ratio) when~he d i f f e r e n t i a l  pump- 

ing head was approximately  16 f e e t ,  p r o t o t y p e .  T h i s  a l so  co r r e s -  

ponded to  the  head used in the  model, because t h e s e - t e s t s  were~made 

with p ro to type  heads in  o r d e r  i to ob ta in  ,prototype~pressures  on the  

m o d e l .  ': 

From the p re l imina ry  t e s t s  i t w a s  apparen t  t h a t  the ,area~ off , the 

suct ion s c r o l l  in the  reg ion  surrounding the  n o z z l e  wasl too, i iarge  ~ 

causing v o r t i c e s  to form which extended i n t o  t h e  mixing t u b e .  ~ i ~ s  

condition was remedied by placing fillers in the;scroii case ~s ~ 

shown in figure 2A. Subsequent tests of the deslgn revealed that 

i n s t ead  of  d e l i v e r i n g  water  a t  the 3:1 r a t i o  in /combinat ion ,  r l t h  the  

design heads,  i t  p ~ p e d  an amount so a~a l l  

aeasursd wi~h the  l a b o r a t o r y  meters .  Beca~ 

the  p ropo r t i ons  of  the  a i r i n g  t u b e  were 

~ot ~be 

Lppeared t h a t  

~C~slderable Im- 

proveaent  in  performance ~was obtained byl shor ten ing ,~he  mixing tube .  ~ 

But, as the  a n t i c i p a t e d  r e s u l t s  were no t  ob ta ined ,  i t  was~oonoluded 

tha t  t he  3zl  lmmptng r a t i o  was unob ta inab le  ~ i t h t h e  des ign ,heads .  

In  view of t h i s ,  a new,~Lixing tube and a more e f f $ c i e n t ~ . d i f f -  

user  were des igned,  f i g u r e  2C, to e f f e c t  ~at ~ e  

same di~ferentlal puaplng head of 16 feet ~.failed 

to  perform as a ~ t i c i p a t e d .  I t  was t h e r e f o r e  assumed~thati~the s i ze  

of the  pump was i n s u f f i c i e n t .  By cons ide r ing  the  m~del a s lbe ing~ to  -. / 

a Scale of 1:11.5 instead of the previous scale of i:I0, It was pos- i!i 

slble to obtain the desired total dlscharge~nto the flsh-trap for any 

d~fferentlal pumping head up to 16 feet and a ainlmum dri~ng head 

of ll4 feet, absolute, at the center llne of the nozzle. 
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During the t e s t i n g  i t  was shown t h a t  the Jet-pump could be 

p r i m ~  s a t i s C a c t o r t l y  wi thout  the a id  of  the  c y l i n d e r , g a t e .  This 

was e f f e c t e d  by a l lowing a ver~r small d i scha rge  from the  nozz le  to 

flow in to  the f i s h - t r a p  u n t i l  the d i f f u s e r  was comple te ly  su~- 

merged. Then, by i n c r e a s i n g  the  f l o w  from the  nozz l e ,  t he  p ressure  

in  the  suc t ion  s c r o l l  reduced s u f f i c i e n t l y  to  al low the  water from 

the  t a i l r a c e  to flow i n t o  the pmap, the reby  priming the pump. 

a t  the open end tha t  d e f l e c t e d  the £'1o. downward from the upper 

half of the diffuser, figures 2£ and C, This minimized the boillng 

and the splash that occurred when the jet from the diffuser im- 

pinged on the opposing wall of the dlstribution chamber. 

Analyzing the da~ with the aid of the momentum principle, re- 

vealed that the momentum equation gave results of sufficient accu- 

racy "or des ign purposes .  From a f u r t h e r  study,  a p r e l imina ry  de-  

sign curve was developed which provided a quick method of determining 

the applicability of' the j et-pump to a particular installatlon. 

Cavitation in a jet-pump is always a potential source of 

trouble even la the most carefully designed installations. This is 

sue to the shearing action between the two jets casting off rapidly ! 

whirling vortices which, under certain conditions, form vapor ,~ 

pockets at their centers. The collapse of these pockets at the i 

boundaries can cause pitting. This condition can be alleviated ~ 

by admitting air" to the shear plane between the jets. The quantity i 

of air required is small ant does not materially effect the efficiency 

of  the pump. 

B 



I l l  - P~INCIPLES O~ S1MIL1TUOE 

The ~ Theorem4.  To i n t e r p r e t  t h e  r e s u l t s  o f  model  e x p e r i m e n t s  

i t  i s  n e c e s s a r y  t o  have an e q u a t i o n  which d e s c r i b e s  t h e  b e h a v i o r  o f  

t h e  f l u i d  under  a c t u a l  o p e r a t i n g  c o n d i t i o n s  and one which c o n t a i n s  

a s  v a r i a b l e s  t h e  d i m e n s i o n s  o f  t h e  h y d r a u l i c  s t r u c t u r e  and quan-  

t i t i e s  such as viscosity, velocity, pressure density, surface ten- 

sion, elastic modulus, etc., which sue'['Ice to Uetermlne all of the 

essential circumstances f 
o flow. An equation of this type Is called 

a p h y s i ~ l  e q u a t i o n .  

Fluid flow is a general function of n variables and may be 

represented by the physical equation 

f ("l, a~, as . . . . . % )  := o . . . . . . . . . . . . . . . .  Ci) 

The n theorem states that ii" these n varlables can be expressed 

In t e r m s  of m dlme~s~onal unite, the general equation may then be 

expressed as a function o£ n-m dlmensionlese n terms, and that each 

n term will have m+l variables of which only one need be changed 

from term to term. A dlmensloniess term beln~ defined as one of 

which the numerical value does not change when the magnitude of 

the fundamental units are changed, when the relations between the 

fundamental units are Kept unaltered. In accordance with this, 

equation (I) is generally written 

f (~i, " 2 ,  "3 - - -  - n  ) = 0 . . . . . . . . . .  • ..... ( 2 )  

The principal of dimensional homog~.neity states that any cor- 

rect and complete physical equation must have all of its terms of the 

same dimensions. For equation (2) to be dimensionally homogeneous, 



each term when expressed in d$~ensione of the  F-L-T on ~M-L-T Jystem 

must contain i d e n t i c a l  powers of  each of t h e  respect ; i re  dimens'tonsp 

according to the  system be ing  used.  ~:'" 

All  of  t he  v a r i a b l e s  t h a t  have an e f f e c t  on f l u i d  Lot ion  ares 

(1) the  phys i ca l  p r o p e r t i e s ,  of  dens i ty  p, g p e c i f t c  weight Y ,  v i s -  

c o s i t y  u, su r face  t ens ion  o, e l a g t i c  modulus k,  i(2) the  d~n~atc  and " 

k inemat ic  q u a n t l t i e a ,  of  mean v e l o c i t ~  V, a p r e | s u r e  i n c r e z e n t  ~ ,  

and (3) a group of  l i n e a r  dimensions a, b, c,  d r e p r e s e n t i n  

width,  e t c . ,  which de f ine  the  boundaries oF Flow. ~eneral  

e q u a t i o n  of f low in  these  te rm8 i~ ~ 

f (a, b, c, d, V, AP, p, 7, u,s, K)= 0 • ... • •.. (3) 

which conta ins  e leven  terms and each ~ena i s  e x p r e s s i b l e  in  the  t h r e e  

dte~=edonal u n i t s  of' sans l e n g t h  and t ime .  Since n i s  equal  to  t h e  " 

number of  v a r i a b l e s  which are  e q u a l t o  e l even ,  and m i |  equa!:~to ~, 

( the  number of  ctlmensional u n i t s  mass, l e n g t h  and t ime) ,  t hen  acco rd -  

ing  to  the  n theorem t h e r e  w i l l  be n-m o~ 8 dtmemstonlesg ~ . t e r u  i n  

t h e  func t ion  

r ("i, "2, "s) = o . .  . . . . .  . - • • • • • - 

As the theorem states that each . + i variables, 

then ~,ach of the . terms will have ~our variables. These sin7 be ~ 

selected arbitl-arily, but it is expedient to select three :variables, 

which betwee~ the _ . . ~  contain all or the units in the H-L-T system 

or the F-L-T ~ystem according to the system used. This always re- 

malts  in  a" se t  of t h r e e  simultaneous equat ions  in the  th ree  exponents  

o f  ~he dimensions,  which makes i t  p o s s i b l e  to de termine  ~he value of  

~. :_ 10 



the exponents easily. To determine the variables and to~'a|slstlln 

the solving of the . terms, the dimensional ~ equation of each%era, 

equation (3) are wrlttenln t h e M - L ~ T  system. 

a = a length . . . . . . . . . . . . .  • a =!L!i: ~ 

b = a length . . . . . . . . . . . . . . . . . . . . .  • b = ! L  

length = L 

d = a length .................. d =~L- 

V = a velocity = length ..... ..... ~. ,~V =iLT -'~I 
t i m e  

P = p r e s s u r e  = £orce , ....... ~.i. ,AP~=ME--!~ • • 
• 

p = density •= ~ . . . . . . . . . . . . . . .  p 

v o l u m e  

Y = specific weight = force.. .......... 

u = dynamic viscosity= force x:time_. .... u•=~LL---I~ 
area ~ ~ : > 

= surface tension = force.......i.~o = ~  

K = elastic modulus = force ............ :K=,ML~." 
a r e a  

From the dimensional equation eelec~ nations~:which 

between them, contalnall of the dlm~usional units. ~! 

is not necessary, as any three terms cc but ~he 

method  e x ~ d i t e s  t h e  work.  T h r e e  such  e ~ u a t i o n S  a r e  V = L T , 1  ~, 

A = L, p = ~gL -3- Each n term than cow, rains these three variables 

f w i t h  t h e  r e m a i n i n g  v a r i a b l e s  o e q u a t i o n  ~ ( 3 ) a p p e a r i n g ~ s i n g l y ~ t n  

each group. Then 

n i = Ax vY p~ b 

"2 = vy2 J 2 c 

"5 = Ax'5 VY~P i~v 

"6 = AX6 ~Y6Pa 6 u 

"4 

. ,7  = Ax'71Vy,'/~| 7 

8 = ~'Axs V ~  psS ~K 

@ 

k 
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The e x p o n e n t s  x ,  y a n d s  a r e ~ t o " b e  determined,~:such!'! . that  n l , ~ n 2 ,  - 

u3, etc., shall have no dimensions, :~mnd therefore;~will~!Se~ndep e n d e n t .  . ~ 

of the sizes of the fundamental-uaits of-M~L-T. 

by substituting the dimensional relationships In~ 

for ',i,:: 

ii/  ! 

"l = Ax vY:::P z b  ~iJ , :i. 

= L xLyT-y M E:L "~ L 

= Lx+y'3~+I T'y M ~ i~ ~ 

For the ~ 1 tex~ to be dlmensionless the"~sum ~,of:~.t he e~nents :Of,.each 

fundamental unit of M,L, oft must-.equal ::zero. i-Thus ~for~u 1 

x+ y -~ + 1 = O) 
-y=O) 

Z=o) 

which when solved, gave x = -i. 

_ a-i vo.o b = b Then Ul, .... 

Likewise, for n 2 - a x2•Vy2"~2 , the dimensional equation :is. - :p C • i ' 

Lx+Y"3~+I .T ~y .M i from which,.:was-~ obtained 

x+ y- ~'+ i = O) 
' y := .0) 'when x==l. 

= O) 

From ~hisn2, = A-I '~v° o C-- C. 
P a 

Similarly "3 =~d , and continuing 

=-n x LY T-¥. M ~ L -31 

= Lx+y-3~ -I ~i T-Y-2 

Then:x + y -3| ~i.=0) 
z+l = O) when x = 0 

-y-~ = O) 

: pV 

IL 
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In a almilar manner, it can be ~ho~n that 

V~/a Va :V~a V 

Then from t h e  e q u a t i o n  (4) a g e n e r a l  e q u a t i o n  : f o r  the ,  movement ~Ofl f ludd¢ 

can be e x p r e s s e d  ~ as  ::~ 

qa a a pW V ' / a  V a  v ~  v ~ V  a ~:J 

This  e q u a t i o n  ~ a y  a l s o  b e  w r t t t e n i n  t h e  :'form 

. ,  . . . . . . . . . .  (6, 

~here Y/p = g. The form of the terms in this equation could have been 

obtained directly from the , terms if the variable :fro~ ~erm to term, 

t h a t  i s  b, d, T, o,  c ,  AP, u and ~, had bee~ •g iven  t h e  e x p o n e n t  ~(-1) .  

The l a s t  f o u r  t e r m s  o f  equa t i on  (6) have 'been g i v e n / n a ~ e s ,  " .The~f i r s t  

t e rm V2/a i s  the  Froude number F and s i n c e  a l s ~ a  l i n e a r  dim- 
g 

e n s t o n ,  i t  may be t aken  as  t h e  d e p t h  y and t h e  t e ~  d ~ a k e s ! t h e . f o r m  

V~ 2 which i s  a s  i t  i s  g e n e r a l l y  w r i t t e n .  ,The second  i s  R e y n o l d , s  
gY 
number in  which a can be t aken  a s  a d i a m e t e r  o r  h y d r a u l i c . . r a d i u s .  i 

The q u a n t i t y  u i s  equal  t o  Y°the  k i n e m a t e r  v i s c o m i t y .  ~When r e w r i t t e n  
P 

i n  t h i s  form t h e  ~ te rm t a k e s  t h e  form o£!¥D which i s . t h e . u s u a l  way 

o~ e~remsing Re~olds  n~ber  R .  Th~ third~tera t s : ,~e  WeMer ~ M e r  . . . .  

in  which ~/p i a  t h e  k i n ~ t e c  c a p i l l a r i t y .  : ~ e  f o u r t h  t e r m  i s  t he  

Cauchy number C = V_~ 2 where E = K/~}, .the kine.~atlc elastlclty. 

From t h e  r e s u l t s  of  the  ~ ~theorem, •a, g e n e r a l  e q u a t i o n  . f o r  

t h e  v e l o c i t y  o f  f l u i d s  may b e  e x p r e s s e d  i n  t h e  form 

V = f (a ,  a ,  a ,  F, R, W, C, ) \ ~ "  
b c d ,l o 

The form o f  the  f u n c t i o n  f excep t  in  t h e  ~ o s t  s t ~ p l e  c a s e s  must  Me 

~ u n d  by exper imen t .  

IS  



The explanation of equation (6) regarding ~hydrmullc m o d e l s  i S 

simply this, f'or t h e  fluid motion to b e  similar :rln any t w o : s t r u c -  

t u r e s ,  each of the dimensionless terms..in equation ~(6) must .have . ~:.: 

the same value in each structure. That Is, %he value of a, ;c, 

F, R, etc., in the first structure, must equal the ~values 
t 

a, c, f, R, etc., in the second structure. This relationship is 
b d 
the fundamental law governing the design of hydraullcmodels. The 

terms a, i, and a are ratios o£~thevarlousstructural, dimensions 
b c d 

and for these ratios to be the same between model:and prototype, 

the two must be geometrically similar. The:ratlo 0faprototype 

dimension to a similar dlmensl ,ome~ri c 

scale ratio end is designated by the letter n. The flfth term or 

the Froude number, automati~ally becomes the mameln geometrlcally 
j_ 

similar structures, if the variation In the force of gravlty:and 

atmospheric pressure are neglected, and the same fluldIs used,ilin 

both structures. The same Is true of the fourth=term. The Weber 

and Cauchy numbers may be neglected because the effect of the cap- 

illary forces are small, provided the physical dlmenslons0f the 

model are not too small, and it is obvious thatthe compresslbillty 

or  ,ater  oes not  ter ,ater beln  co, side .d. 

The remaining term which is Reynolds number, dea ls : :wl th~ 'v i scous  

forces and for exact similaxity: of flo~ to exist .between model .and 

prototype, the value of Reynolds number must be the u mein both 

model and prototype. 

By considerin~ only geometrically similar structures, only 

two terms of equation (6) need be satisfied to produce exact 

14 



• i m i l a r t t y  or  f l o w ,  and s i n c e  ~ t h e v a l u e s ,  o f  b o t h  m u s t  be : the  : m e  .In 

model and p r o t o t y p e  t h e  %erms m a y , b e ~ , w f t t t e n  ~ ;:~ 

vm x~ p,~ = v p ~ .  ...... ..... --- .... -- • .- • o. :(7) ~' 

~ d V~ ~ m = ~ . . . . . . . .  . . . .... ~ . . . . . . . . • : ( lS ) 

= yp ip 

The subscripts a and p refer to:model,and prototype. Slnce 

called the law of Froude, it is a:~aatical relatlaaahlp,,aud i!_::i. 

statos o~' the ~ondltlons rot ei,.i~r~ty or-rlo~ orany ~ i~i:~ii: 

gardlesa of density. Usually the ratio of gm Is taken ms one, ,:: 

hence the de~nsity of the liquid used in the odel Is'Im~terlal. ~::'~ 

.:~ S:~: " 

of the linear scale ra%lo n, are derlved as followsz For any.length ~:" 

L, t h e n  Lp = nL m o r  n = Lp . The a r e a  i n  t h e  p r o t o t y p e  = LpWp, and :-:"! 

t h e  a r e a  i n  t h e  model =L m I~m, th,,~i~ ~-x~:,~i, An . Simce LI~,.= n, "ii:i: 

~ ~wm ~ n~ ~ 

and Wp = n, then Ap = n2~. In a sl~ilar manner, volume p = n3 VolUme 
w= 

in the model. Equations for tiae, discharge., velocity, etc., canbe 

d e r i v e d  by s e t t i n g  up t h e  r a t i o s  f o r  m o d e l . a n d  p r o t o t y p e  b u t  f o r  ipuro  i] 

pose of this paper only, the results with water in .the model are " 

. i 

.} 

l i s t e d :  

Weight~ = n 3 (weight in model) 

Timep = ~J~--(time in model) 

Velocltyp = ~(velocity In model) 

Acce!erationp = (accelerat ion ~odel) 

15 



Forcep = n3'(foroe model) 

Dischargep = n 5/2 (dlschargemodel) 

Slopep = (slopemodel) 

Powerp = n 7/2 (power mo¢~l) 

Momentump = n~ 2 Cmomentum model) 

Workp = n4"(workmodel) - 

Headp = n (head:model] 

The dynamical quantities as force, pressure, power, etc~,~bring 

in either tne density or specific weight. With water in botnmodeA 

and prototype the ratios are identical with the gravity ratio which 

is one• 

A model is a real flow system inwh~ch fr~ctionplays an iR- 

portr~t part and it is necsssarytoinvestigate%heeffemtof 

viscosity or to a l~!~Y the Reynolds law of similarityexpr@ssed by 

equation (7)• If equations (7) and (8) are to be satisfied simul- 

taneously with gravity the same in ~both, then 

vm ~ ~ = v P l p  p (7) • • m • • • • • • • • • • , w • • • 

N Up 

- -  n • • • • • • • • 4 • • • • • • • • • • • , o  • 

g ~  ~ p  

Then from equation (8~ 

V m - Vp ~p 
it becomes 

= Vp ~• Substituting this in equation (7), 

Vp ! m m = Vp ip p ' from which it is possible to obtain 
u= Up 

two solutions. The obvious one in which i m = Ip, u m = Up, m = p, 

merely states that the model is of the same size as the prototype. 

16 
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The other solution occurs when n3/2= P_m un. 
is 

Pp 

general Imposalble to ful£111 because__ of the dlffjc,.Ity/~n ~ A 
obtalning 

fluids wltb these propertles. ~or low ~velocltle's the re sls~ance o~f 

the £1ulu does not depend on the density and the reslstance to .~! 

motlon Is almost eat~rely ,due tothe v~scoslty~amd~e!oclty 
of ~he 

- [ , 

liquid. In ~odel up,teflon, If:tee model flow or ~ the .:Prototype .... 

flow are in th~s zone, that ~s Keynolds numbers~below 
75O for open 

channels and 3000 for closed conduits, not possible to .obtaln i: ~::~ 

slmilar~ty of flow in the model and the transfer equatlo~s.. ~onot 

apply. 

• ,;0 
For a flow system of 'high velocities, the denslty :of' the £1uld 

plays an iapo~T+ant part as some of the force actlng on the'bounder_ 

les is due ~o the momenttun carried away from :the surface of the 

boundaries by the fluid in tb~ "~ 
• orm of eddles. Slnce momentum,,~equals 

mass x veloclty, and massequals w j the momentum carried away obv~ 
g 

ously depends on the density of the fluid. Thus In turbulent flow, 

momentum transfer is a vorticJty function and does not depend upon 

the viscosity of the fluid. Actually In f...:.-.~ . . . . . . .  
, ~ ~# a.v eloped ~ turbulent 

flow, the f'r~ctlon coefficient :is constant and Independent:of the v/S- 

COSlty or Reynolds law. Under these cJrcumst~u~ces the z'rlcti~on losses 

fulfill the Froudla;~ model law an~ the head loss due to fr~ction 

in either the model or ~he prototype, are Proportional to some 

constant k tlmes the velocity squared in the respectlve structure. 

The Reynolds number at which fully developed tur~lence occurs 

varies ,Ith the co~i~f~clent of rou~.hness of the boundaries. For 

° 
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,rough bounda;-les, fully developed turbulence :occura.~:at,much lower 

values of }{eynolds number than it does when the boundaries are 

relatlvely "smooth. In models of open channels, especlall of 

river beds, It Is genez'ally ImposSlble,to obtaln;'fully developed 

turbulence throughout the model, and dlscrepancles between~model 

and prototype can be expected. A~good general agreement between . . , . :  

model and prototype can be exPectedin iopen channels if the Reynolds 

n~mber based on the hydraulic radius Is above A, OO0. 

In models o i '  closed condu~ts, such as the~jet,pump, it is 

usually possible to: operate the modei either at or very near fully 

developed turbulence and obtain results, provided the relative 

roug~m~ss in the model is proportional a~e nearly identical 

.,Ith the prototype. ThJ s cs~ be accomplished Jn the modeiby In- 

creasin 6 the heac to a point where the Increasea v~locStY gives a 

value oL Reynoias number which fails in the range of fully developed 

tu~'bulence. 

The jet-pump was. operated with p~'ototype heads partly because 

it ~as aeslrable to ~ncrease the value of Reynolds number and thus 

obtain nearly fully developed turbulent flow in the critical reglons; 

however, the main reason was to obtain acbual prototype;preSsures on 

the mooel. The transfer- equations between model-and prototype under 

these conditions are related as follows: 

Qp = ~ , but ~ Is equal to n 2. 

Qm A- V m A m 

Then QD n~ 

v. 

Since Vp is equal to ~ a n d  Ym = WP~m, and since Hp = Hm, the 

condition that the mooel and p~'ototype heads be equal, then 

18 



(~  ~ 2grip 

Since Hp is equal to Ha, it ~ollows ,that ,Vm= Vp, The~+~Ime 

re la t ionship is  obtained ~ro~ tp ~ 

Since g~ and gp can be assumed equal, it follows that:tp -:~, Other i I: • :~ '?::~,~,:~ 

rel~tionships can be obtained in a similar sumner, but as the resmllt8,. . " ". 

of t, he jet-pump ~ s t s  can be t r ans f e r r ed  t o  prototype data wlth:t~he :: i: 

aid of equatlone already derived, it will'be unnecessary forpur - 

pose of this paper to derive ithe remainder :of the relationshlpe. :i 

The total prototype discharge was fixed at 340 second-feet. .~ :':",i~ 

From Qp = n2Q~, the discharge for i:I0 model waS'340,.=lO0 Qm-or :."~'~:I 

3.40 second-feet. With HI) equal to ~a all pressures throughout the '.:,,!. 

• 2 J ~  model were equal to the prototype values. . :~i!;, 

IV - INVESTIGATIO~ BY HYDRAULIC MODZL ~ i~i~ 

Model conso l a t i on  and Ji~eet method. The general arrangement 

of the model as shown in figures 3A and,Bj was the,same~for all 

tests. The only changes were in the types of b ellmouth e~trancesp 

mixing tubes, and diffusers that were used in the course of the 

e" tests, and'the removal of t,he cover on th distrlbutlcn chamber 

when the model was operated under proportional heads. 

In the operation of ~'~e nodel the high-Freseure or driving 

water entered the bronze pressure scroll through a D-inch, %rans- 

parent~ vaned elbow, whence it was directed to the transparent 

mixing chamber through a bronze nozzle. The suction, or driven 

water, came from a supply tank and flowed through a 7.2-~nch 

19 



FICURE [5 

A, Model for testln~: w ~ t h  proportional heads 

B. Model f o r  t e s t l n E  w i t h  p r o t o t y p e  he~da 

~,.!ODEL A.~TG]D~IEh~]7 SHO'/:~NG SELECTED blIXING TUBE DESICI'T 



diameter  p ipe  which c o n n e c t e d  t o  a t r a n s p a r e n t  elbow l e a d i n g  t o  t h e  

s u c t i : , n  s c r o l l .  The f low t h e n  pa~sed  t h r o u g h  a p l a s t i c  e l b o w * t o  t h e  

s u c t i o n  s c r o l l  and t h e n  i n t o  t h e  mixin~ chamber w h e r e  i t  combined  

w i t h  th~  d r i v i n g  w a t e r .  The combined  f low e n t e r e d  t h e ~ f t s h - t r a p  : i!%:i 

t h r o u g h  a s h e e t - m ~ t a l  d i f f u s e r  and was r e t u r n e d  b y  c o n d u i t  t o  t h e  

l a t o r a t o r y  s y s t e m .  The f i s h - t r a p ,  wi th  t h e  e × c e p t i o n  o f  2 p l a s t i c  

wlndo.~s, was constru~tea oI 3/16-1nch sheet st~-el:because of the 

pressure obtained hy operatin~ the ,model ,~ith proto1~pe~heads. 

When the model was operated with prototype heads, the fish-trap 

gates were clcsed aria the dlst~.'Ibutlon chamber was covered, as shown 

in f l ~ r e  3B. Th~s divertea the ['ish-trap ~'low to a controlled 

S-Inch drain in the bottom oi" the tar~, making it possible to r e g u l a t e  

t h e  p r e s s u r e  in  t h e  a i s t r t b u t i o n  chamber to  c o r r e s p o n d : t o  t h e  e q u i v -  

a l e n t  water surface expected in the prototype structure. Sufficient 

head was obtained for the ar~ving water by connecting in serles an 

?-inch aria a 12-1nch centrii'ugal pump. The driven ~'ater was supplied 

o~ o _ pump,~or both of elther by one or t^'o S-inch pumps; the use ~' n~ . 

them, aepenaea upon the quantity of water ~a ~the,heam re~uired~at i~ 

the suction scro±~. 

With th- exception of" the tests necessary to stuay:the turbu- 

lence in th ~ fish-trap, all of the t-~sts on the model ~ere i~ade i :  

w~th prototype heads and model discharges varyln& as the square 

root of the sca_~ ratio. This method maoe Jt poss~bie tc obtain 

prototype pfqss~l--es in th~ mo(/el, and, in a~aition, any~adverse 

conditions, such as cavitatlcn or unaeslrabze L~low, were easily 

aetecteu. 



Due t o  t h e  a i f f e r e n c e  i n  e l e v a t i o n  between D e n v e r  and Keswick  

it was considered advisable to use absolute pressures instead of 

gage pressures in the operation of the model. Thus, with the center 

llne of the prototype pump at elevation 494.00 :and a variation in the 

water surface of the reservoir from elevation 570 to 585, the driving 

head on the pump varied from 7~ to 91 i;eet, gage, or 109 to 124 feet, 

absolute (atmospheric pressure assumed tobe 33-feet of water at 

Keswlc~). Likewise, th~ suctlon~h.ad v~Lrleu from plus 6~-.~t~to 

minus 9 f~et, oz" a corresponding 39 %o 24 feet, ~absolute, The de.- 

llvery heaO was plus 7.0 [e~t, gage, or 40 feet, absolute. These 

absolute pressures, referreu to gage at Denver, gave drJvlng heads 

of 95.7-feet to 80.7-feet, suction heads of plus 10.7 feet to minus 

4.3 feet, and a deliv~-ry head of ll.70 feet. While the mlti~r.ntlal 

between any two of the three heads does not vary., the gage values 

differ by the dlfl'erence between the atmospheric pressures of the 

two locatlons. 

Piezometers were installed at various points, as sho~n on figure 

"i 
2, to obtain the pressures throughout the apparatus ano to indicate 

when a desired operatlng condition .was obtained. The suction water 

was suppli~d to the pump via a closed tank, the floor oi' which was 

several fe..~.t helo* the cent~.~r line o£ the pump. This ,~ade £t pos- 

sible to ohtala th~ various suction heacis either 'by varjing the_4 water 

s.~rface in the tuna o~" by putting it unoer pressure. 'The heac and 

the. !iow from the nozzle wez'e controlled by the needle and a throt- 

tllng valve. The bac~ pressl~re on the alft'user was r_~gu±ated by a 

gate valve in the ~-Inch drain. This drain xas located in the center 

of the equalizing conduit at the bottom of the fish-trap. 

22 



When the model ,as tested wlth proportional heads, the flsh-trap 

gates were opened ,to allow!'part of the flow to discharge over,a weir 

at the do~vnstream end .or" the strmcture. 

Initial tests. The tests of the orlglnal deslgu, as aho0~n~on 

figure 2A, sere made on a l:lO scale model,constructed~as~/shown~on 

figure 3. The first test was made to ~study~tha~general character 

of the flow through the pump, from whlch~It .ms found 

vortices flo~.aea in the suction scroll :at the' horlzontai / .i. 

of the p~imp and ext~ded downstrs~n Into the mlxing tube. Thevor- 

tices were eliminated by insertlng flllers In the suction scroll 

case as shown on fl&mre 2A; consequently:~the co~to~tr oi" the water 

pa~sag~.s upstre~u of the bellmouth entrance:to,the mixing tube were, 

f'rom o_s~rva__onsjb h~ considered sa__s.'ac_or~.~4 f t. ~y ~ 

The original :prototype deslgn was to dellver 340 cublc :feet iper :~ 

second ~ith the needle 9.7 Inches open, a head of 97.~ feet on the 

nozzle, with abaca pressure of 6.0 l'eet at the end of the dlfTuser, 

and wlth a suction lift of 8 feet below the "" of the.p~p. 

As the model was to be tested with prototype heads:In.order to obtain 

prototype pressures, it was supposed ~to deliver 13,AO second-feet 

wlth the combination oi' heads mentloned above. To~!verlfy~,this the 

next test ~as mace by setting the needle at,the correct opening :~ 
• ? i 

(0.g7-1nch) and carefully adjusting the controls ~ on the model until i 
} 

the stated prototype heads ~ere obtained. Then the pressures Obtained i 

from plezometer taps, locat~C as shown in figu2e 2A, were recorded 

as  . e r ~  the  i n d i v t a u a i  d i s c h a r g ~ s  Qs and k{~- 



!/ 

The d i s c h a r g e S '  was v e r y  n e a r  t h e  exp  e c t e d v a l u e ,  O . ' ~ 5  s e c o n d -  : i 

f e e t  a s  compared  w i t h  t h e  c o m p u t e d  v a l u e  o f  10.85 s e c o n d - f e e t ,  b u t  t h e  '~ 

actual Qs wantonly 0.04~ second-feet instead of the anticipated 

2.55 second-feet. From this, it appeased ~that the design wasi~In error- 

As an addltional check, another test ~asmade ~ with the ~diScharg e~and 

suction heads adjusted to values such that the pump .ould actually , ,:~ 

deliver the designe~ QN ann Qs" The piezometric pressures Obtained . ~.. 

were then plotted as shown on figure 4, on the same:scale~as were , 

the pressures.computed by the ~eslgn section. Again it wasapparent 

that there must have been an erroneous:assump ti°n In the deal., 

f'or in addition to the pressures not corresponding to the computed 

values, the characteristics of the two cu~es were dissimilar. 
f' 

In vle~ of'these results it was decided to make:ancther~test 

with a short~ned mixing tube and a more e~'flclent diffuser, fixate 

2B. The tests on this design were conducted with a constant '.'head,L ~: 

of 37.& feet, gage, on the no zzle and ,Ith a variety of suction and 

discharge heads. Difi'erent combinations o£ suction and discharge 

heads in combination ~dth a constant dcivin& head produced the 

desired variety of pumping ratios. For this arrangement and deslgn ~ " 

heads Q~ was 0.893 second-feet and Qs was 0.70 second-feet, which 
/i 

was an improvement oveF the original desi6 ~n but was~ still far from 

the anticlpatea performance. Further testing shol when the 

back pressure hd ,as set at 3.19 f~et, gage, with an h s of-3.15 seer, 

gage, the pumping ratio Qe/Q~ became 2._~, or 3. This was a-dlfferen- 
0.85 --- 

tla! pumplng head of 6.34 £eet as compaced to 5.22 feet t'or a slmllar 

flow in the original design. In a !l~e manner the pumping ratio 
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became 2 with a total, discharge ,of 13.A~:second-feet, :when~:,the.needle 

was opened to permit ~,13: second-feet':to flow from ~:the nozzle/and 

the dlf~erential pumping head was iiadjusted ~so ~ . . . .  

.... i:! 

h d and h s w e r e  5.52 ' ' " . . . . . . . .  .... ant ~. 17 ,z eet, :respectively. 

The p i e z o m e t r i c  p r e s s u r e s  obt~i~ed',i::w~ th~ t h e  i'/;3~1 !.e~ld::~:Z ': f]~ow 

ratios in the mixing tube were 

an inspection ot thes~ curve 

form to the measured pressure ~he orlg 

that there was an increase.in pressure.from:the 

mixing tube to some intermediate point,!after:wh 

capid decrease in pressure~until:It reached ~ 
t , ,!~ 

jlln. ...... 

drica! sectioa of th~ pipe. 

The slope of the curve in the~decreaslng)pressure zone,,roughly 

appcoxiaates Bernouiii's law for i'lo~in a conical:section. ~There- 

fore, it was assumed that,the mixing Of:the inner'~and ,the~outer[jets 

was completed before the i:io'~ reached lth Ig!t~be.and } 

J 

% 

that better performance could ~ be obtalned g~'~tabe termlna't- ~i 

ed at the point of maxlm~m ~pressure. 

The data pertalning toj,pu=ping heads~and :nixlngzatios, i, secUred 

e l during the initial tssts, indica~ the 3. pumping ratio;was 

unat~ainabie with the d~fferentlal pumping head desi ~e --~ 

design because the revlsec design:of fie-u~re. 2B, which was'efflclent : ~ ) (  

according to the present standards of jet-pu~ps, did not approach~the .... ':~ 

opt~mu,,., o£ the design. 

In accordance with these findings, and wlth the aid Of.~ata 

secured fro,n the tests, a new mixing t,~be and diffuser were evolved, 



' )~- . ~ 

figure 3B, which .was to bave,a 211 mixing ~. ratio'at ::.the .maximum dif- 

• ferential pumping : .head and ~a: constant :increase iln i pressure from':.t!te 

beginning -of).,.the ~I Xl ng chamber ~.:to ;:,the.. :end ;Of ~ tt 

Te~tS 0i;.2":i mixln~:ratlo.desi:~.. '.~The.:ai~J 
• )" -. 

fuser were constructed as sho:vn In-flgure.2C. ~~ 

mixing chamber was ..effected!.by the bellmouth~ designl;.l, :"fl gure:.R,..i 

the general, arrangement being-slmilar to:',that 

" " I The results.of, tests on this. arrsmgement, :condacted:in a manner 

similar to thos~ :pr~vlously made, ar~ .shown on ~fi~uz. ~.)A. :The 

tabular data accompanying the. pres 

maximum differential pumping head, 

1.13 second-feet, ~ and ;Qs wasi,73 : 

ratio 1:1.53 instead of...:.the exq~ect 

tained when hd-hs was. reduced'to 12.63>feet,. ;In.::Connection?~Ith" 

this test, It/is :interesting to note ; that:!:.the Const~t.~increase :':in:: 

pressure expected in:the -mixing .t obtalned}:iin ",.th~ii~model. 

other ~.tests were~i.I 

. b e l l m o u t h ,  e n t r a n c e  : in-  ~ 'J 

was  s e l e c t e d ~  m o r e : b e c a u s e  o f . p r a c t t c a l ~  - " !~i 

i n c r e a m e ~ i n  e f f i c i e n c y  t h a t , w a s  O b t a i n e d .  ~ ~ a s ~ d e  " } 

to increase  t h e  efficiency: by ineer laa a:turbu a or 

" " " " ..... t h e  - ~ x~snd ~,meta ) i t~e -- inch. e e d ,  ~ l a t h  n ~,.the : . : suct ion l ine.-: :at  i. : , -entrance ~.,to ~ ~,. ~ ~:: 

s u c t i o n  s c c o l l .  Th9 r e s u l t s  o f  :_,the :: t e s t s  :.are .--shown:..on-:.flgdres ::SB ! !~ 

and- 6 w h i c h  show t h a t . . . t h e r ~ . w a s ,  no  i n ~ e a s e l d  e l ' f ~ c t e m c y .  

k . . ! 



,= 

l ~ I |_~o:~ 

~, ~|  • . ~ . . . .  

~ ( 

-!ill]I- 

( 3 ~ O ~ i v )  il~lJ,¥~ 30 ~335 ~l ~ t r I S S ) l l d .  

o 

"." ;'~' t 

~'Z-~ : • :. 

~ u.am~ ~ .  i~&Im 40 - ~  lld ~alf~ 

- .  - . - 

/ -  

[ 

.~'(GUi~!r:S : - 
- ,  : •, 

i " (  i': 

• . l I t 
; a  • o ~., 

, w  • ,~ | . -  

- - , , j  

• . r 

- ~ ; u.I - ~ .  

(~l~Jl"~OSgV) k l lJ . '~  .V9 J,~)J kn ]Wt lGg) l~ i  (3J.n'lot;OVl U~I.W~ ~4Q .I.'~3j [~1,3WtGG3Ud " > ~  

- ~ 
.n , Z . - J  , ' -~ 

! ,,] 

S~.. o ' ~]_~ _ .... .. 

~" i'. ~: - -  '~z.~.~. ' ' -  

~ i  

.. . ~.,,.'_. /. . . . . " ~,. ,~ ~,. 

i ,i!i;i ' 

i ~-L/,I ~ i 

i ̧ .-;~.~ ~i '! 

R 

: : ! i ; . .  :i" 



/ 

/" 

When.. the:puIp'~uas~operat ing  wt th*th~ 

t h e r e  was c o n s i d e r a b l e  : c r a c k l l n g  a n d , o t h e r  "evldence,.'LOI:~,'- 

t t o ~ a l  phenomenon in the-'al~Ang~,tube wht 

p i  e z o a e t r i  c~' p r e s s u r e s .  ~lt  ~/,was;thought ~:,that • pre s s u r e s  • 
....... 

at  the  ,~do~nst ream .edge, . o f i t h e  nozzle suf  
~.. ~,,-_.~.~,. 

cause the trouble. ~-£ ple~I~terwas ~ini:.~n:Is~ 

it- failed to register, crltical-suba~ --'-~-'~ 

When. a i r  ~as: .admitted ,through', 

v i o l e n c e . o f  t h e  phenomenon eas,: redu( 

- phenomena ,was :occurr ing  out ;in ~the 

e n t e r i n g  the'~ a p p a r a t u s  through t h e  

was: eIa~l=,and, had no not t  ceabl  e e f  f e c t  ~ on i~ t h e  g ~. 

f i c i e n c y ~  figures 5B and:6. S i n c e ~ t h e  - . r~uc~ ion!~ in i~cav i~at i °naI  

n o i s e  .was so : Iarked ,  when :-the a i r  was-,~adLttted!iat thi~s~.point-, :iit":~!waS 

c o n s l d e r e d  advl s a b l e  . to~provlde  ~ r a t l o n < o n ' ~ e ~ , ~ P r o ~ o ~ y p e .  :. ~ :-::. i!. i~:,~:.:,. 

S ince  .the complet ion  of:  t h e e e ; t e s t s , .  ! ,~ !a~ ,n~ber-df !~ .cg:~j  e~a:: ~:~,:-:!::'i~;.-.~i;j~i: . : - 

/ pumps wi t h  the .  a i  r . v e n t  have ~ :been: i n s ~ s l i e d  ;a t  ;! S ~ s ~ i - ~ ! i ! ~ O r  ::~isupp!y-..//i~ i .: 

ing  c o o l i n g  ~ t e r , ~ - t h e  generatorI•, : {iThls:::! veat;~i:iU~pi~:;d~;&iri. :~o:~:~h4-:,. -!~' - : 

i.: iW ! .eedUded - which a ~ i t t e d - ~ a ~  = ' :: :." :i ...:: .. 

:stallatio~..~:..proven,,the:mertts-:!of:{%he~'vent" i :;. " ~ 

-~<.*"~ " ' ' The reservolr~:.a' 

: = ~ - : ~ ~  . . . .  :po,er; :,consequeatl'y, .... : :  <,.i 

.,.:~..~. ~ • .15 Y e e t ? t n  the ,  wate~-:~urface,~ LLlkew~le:~-,th.e:~,J~all~ater,'!e~~ei"wt! .:-:":" : 

--S "~ ~ ~:~i,['.;~:>~. ~ " ",;~'~'~':i ~'. ". 
...... ' ~" ° "': " -': <': ';...i.',i. ' ~'~~'' -,': <' .... '~":~<~ .... :'~-~ 
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v a r y  w i th  the amount o r  wa t e r  p a s s i n g  the t u r b i n e s  a n d < t h e ~ q u a n t i t y  .. 

being released aownstream for irrigation purposes. These two fac- 

fors d i r e c t l y  a f f e c t e d  t h o  perL 'oraance  or' t h ~  jet-pumpib~,causea ' 
[ 

fluctuation in the reservoir level will change the driving head at .~ 

the nozzle and a variation in ~ailwater elevation will increase or ::i 

decrease the total llft of the driven water. The feasibillty~of~the ~ '~ 

/. 

design depended upon delivery by the jeL-pump o£ the require 

tity of water to the fish-trap for any combination of heads I 

from t h e  o p e r a t i o n  of t h e  daa and t h e  t u r b i n e s .  

To s t a g y  t h e  p e r f o r m a n c e  and t o  o b t a i n  t h e  o p e r a t i n g  c h a r a c ~ e r -  

i s t i c s  o v e r ' t h e  range  o f  heads  e x p e c t e d ,  l 'our  s~ t e s t s  were 

rmde on t h e  a o d s l  whereby t h e  d i s c h a r g e  head  h d was  h e l d  n e a r l y  c o n -  

s t a r t  a t  40 f e e t ,  a b s o l u t e ,  and in any one  s e r i e s  t h e  ~d r iv ing  

was h e l d  c o n s t a n t  a n d t h e  n e e d l e  p o s i t i o n  ~ and s u c t i o n  h e a d y  

until a total discharge o[" 3.40 second-fl 

within the range o£, the p u m p ,  and with a 

there ~ere an Inflnlte number of" combinations of 

bet- ee  fe,t and re t, a b . o l u t e ,  .er   -ele te    o -each ,erl,s 

oi" tests. The needle position was varied, ~In each itest, until ~the 

correct total discharge, or the maximum obtainable, was obtained 

with the particular driving head. The results of these ~tests, along 

with the pressure s in the mixing tube, are shown in figures 5C, D, 

and E. From these ~es~s it,as evident that the required discharge 

of 3.40 second-feet, in combination with the hlgher lifts, was beyond 

! 

t h e  c a p a c i t y  o f  t h e  pump.  



~ . .... ~ ,, ~L.. ,~ !,~:':, , "7'i " ::." "' ' "~" ...... ~:. 

The correct dlncharge and a design for the prototype were ob- 

tained from the model by considering its geometric dimensions to..a 

s c a l e  r a t i o  o t h e r  t h e n  t h e  1 :10  u s e d  h e r e t o f o r e .  T h e  n e w  s c a l e  

r a t i o  o f  1 1 1 1 . 5  was  d e t e r m i n e d  from t h e  l a w s  o f  s i m i l i t u d e  

data shown in figure 5E, t e s t  C4. 

The pump ~characteri|tlcs and the .performance curves obtained 

from the i:i0 scale tests were not applicable to the i:iI,5 ratio; 

so this information was obtained from a new serleso£ tests. The ~i~ 

results ape sho~ in figures 5f and 6, which show that there was an 

improvement in the performance, probably due to the fact that the 

new discharge caused a new n e e d l e  setting i'or ieac >n ~head, 

thus changing the ratio of the diameters of the driving and the 

driven jets to a value more compatible w~th theJ~momenon of 

mixing. 

Space limitations at ~the prototype ~Installation made ~ it*.im- 

practical to use a scale ratio larger than i:iI.5; however, other 

t e s t s  were made t o  d e t e r m i n e  ~the p e r f o r m a n c e  w i t h  s c a l e  r a t i o s  of. " 

10.6, 12.39 and 15,1. The~results, ms,shown onfigure 5, 

an improve:,en~ in efficiency over t h e  ~ 1 " . -:lO.ratlo for~the/ O.oand 

12.2 model scales, but a marked decrease in performance for the ~ L ~ 

i, F * 15.1 ratio. The caLlse of the decrease s not clearly,understood; 

however, it might ha~,e been the result of" passing to .a region ~where 

the. ratios of jet diameters were unfavorable for good efficiencY ...... 

with the range of .pumpln~ heads used ~In the test. 

Tests with pro~o,-tlonal heads. *The model as originallyde- 

signed #as equlppe:d with a cylinder gate at t h e  end of the diffuser, 

i 

U 



figure 2A, to facilitate priming of the ~pump. Tests wi~.th~thls ~gate 

and with the  model ope ra t ing  under p ropor~iona l  heads showed, ithat • 

t he  gate  m a t e r i a l l y  a i d e d  priming,  ~and, Tor a t',~me, 

to  be necessary. However, subsequent testing Jrimlng 

could be ei'fected without use of :the gate by proper!manipulation .of 

both the water surface in the f'~sh-trap and the'needle, ~whlch con- 

trolled flow from the nozzle. ~The p~imlng procedure !I'or~the I model 

was as follows: The 8-inchdischarge line from ,the model was closed, 

thus causing all the inflow to the model to pass over 

" n weir in the flsh-trap. Then the needle ~was openeo 1/16-1nch o the 

model, alloadng a very small Jet to/issue fro.~the nozzle and lto 

fill the flsh-trap gradually wlth a minimum of splash, The~rate at 

which the flsh-trap can be filled to the proper level is governed 

entirely by the amount of splash that can ~be tolerated. When the 

water depth in the distribution chamber became sufi'iclent to seal 

the end of the diffuser, a jump f0rmed In the mixlng~tube, thereby 

causing the pump to prime. The flow ~from the nozzle: .as then in- 

creased, and, when a~suff'iclent vac,,um formed, due ~to the increase, 

the driven water began to ~'io# through the pump. 

The pri,~ing may ~be acco~pllshed :in the prototype strncture 'iby i~ 

closing the fish ladder gates and allowing a small Slow Lroe the 

nozzle to rill the rish-t 'ap  levatlon ,h  the ,star 

., ,di reaches ~hls elevation, the flow from the no.zie 1 forms jump 

in the mixing tube but will not create a sufi'iclent vacuum to pump 

,water. By increasing ithe flow fro~ ,the nozzle a suff:Icien~ vacuum 

~will :~be created in,the ,suctlon scroll ~t,o a l l ow  Lthe tailwater to rise 

the  l ampand  f low i n t o  the l " i sh - t rap .  



./ - 

: ¢  

i:•!,•ii 

.The f i n a l  t e s t a ,  to  determine . t f  the ,discharge emi t t ing  from 

the d i f f u s e r  produced any adverse f low c o n d i t i o n s  .tn"the d i s t r l b u t t o n  
/ - /  

chamber or the f i s h - t r a p ,  showed~that~f, low.ln :the ~ f i s h - t r a p w a s  :~, 

eatlsi'actory, .hereas the f l o w . I n ' t h e  idlstrlbUtlon c~ber~waS ve~y~ 

turbulent ,  and that  obJec t tonab le .Bp lash  occurred when t h e  ~jet :'from 

the di£fuser impinged on the oppoaimgi~wal'l o £  the-distrlbutlon,C~amber. :!i 

To reaedy this condi t ion ,  several sl~es: 0fmemlclrcular baffles were 

t e s t e d ,  t h e  most s a t i s f a c t o r y  one being :that shown ~tn~;fls~rei2C,, iS t 

e l iminated the splash:and minimized ithe . i t u r ~ e n c e "  i ;~ 

The final deslgn as It will'be:constructed in the !field !is:shown 

on figure 7, ,here,only the dimensions of :the ::water i~ssageSi~are .~ 

shown. There ' is  some variation from ~the desl~ 

which p r o b a b l y . w i l l  r e f l e c t  i n  .the operatt  on ::of ~.the :~prdtotype. 

A n a l y s i s  of the  r e s u l t s .  The  jetrpump c h a c a c t e r i s t t c s  can be 

analy~ed fro= a power-lnpu~ v i ewpoint  !i£ t h e  e~pe~ i~enta l  data:con~ : :  i" 

cernlng the apparatus ~is available, ~ The method' is~as :~ollows. : 

The input o f  power in :l'oot.pou~ds through the  taaer,~annular nozz le  

Is Q~IyHn and%hrough:,the outer~nozzle Qs:¥Hs. The,power at ~the 

exlt Is (QN +iQs)Hd -~The power balaDoe :the~" becomes 

If the,powerless is assumed ::to be 

2g : 2 g  .. 

-and i t  t S  -further assumed,:that - ~  . . . .  ' " ~ 

K 1 = K 2 .= A, 

34 
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then t h e  power balance becomes 

~+~s~, = (~ +~') ~+*(~ y~2+~sv~2). 
2g 2g 

If A is a lmown constant, the solution .is as follows: From .the 

p r e c e d i n g  equa t i on  

QN VN HN + a V S S 

As V n = 

and V s = 

H s-~~ -~ :~:=aE v. Sd+a V S. 
2g s :2g s..s a 

~ 2~ ( ~  -'x) ' 
1 + K  N 

~J 2g (ll s - x) 

the equation becomes 

V:+ N 

3/2 
l+ x) 

as A 

( l + ~.")312 

h s .... X 

(es,  x)3/2.= o .,,;,.(z) 

where x i s  t h e  p r e s s u r e  a c r o s s  t h e  p l a n e  o f  t he  n o z z l e .  

Fro.n the four tests conducted with the needle removed ~from the 

nozzle, an average value of A equal to 0.705 was determined. The 

values varied between 0.674 and 0,735, bein~ 0.674 for H N 81.44, 

0.702 /or H N = 86.99; 0.707 for ~ = 91.34; and 0.735 for A N = 96~34. 

By substituting the values K N = O.~q, K s = 0.051, A = 0.705, 

H N = 91.31, H d = 12.04, sad H s = + 0,08 into equation (l), and 

solving it graphically, ~ave z = -7.73 which, ~h-~n substituted into 

the equations QN = aN \I2g(HN-- x) and Qs = as '\I~E(Hs__ x) 

1 + K N " 1 + K s 

~6 
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gave QN = 1,238 agains~a 1;24, measured, amd Q s = 2;162 against a 

2.16, measured. The compu~atlon was made across the plane of the 

beginning of the mlxlng tube, and it was assumed that the area of 

the dx'Ivln~ jet at the point ,as equal to the areaat the end of the 

nozzle. 

The chief dlfficulty ~Ith:thls method of appzoach lles in deter- 

mining the ampl~'ical coetflcient A. +Its value will vary with the 

OA type of nozzle, length o[ ml~ing tube,+:~type ~ dill'user, the ratio 

of the diameter of the mixing tube to the nozzle diameter, and the 

head on the nozzle and suction lines. It can be determlned accur- 

rarely only by testing on actual inmtaliation. Th~ closeagreement 

obtained wlth this method ,as due to using coefflcients determlned 

from the tests• 

A more satlsfactor3' soiution to the jet-pump problem can be 

obtained by equatinE the energy relations existing in .the arran~+:ment. 

The basic equations are 

UN Pa + ( l  + KN) V2N 

y 2g 

P t * - -  " d  * ~2 t 

y 2g 2g 

qs = As Vs) 
) 

• +(2) 

(3) 
• m • • • • o • • • • • • • m • • 

# _ _ ' l  

• , , ,  • t 4 J  • • • • , .  • • • • • • • 

qlq = A~ V~) . . . . . . . . . . . . . . . . . . . . . . . .  (5) 
) 

Qt = At Vt) 
) 

The energy loss per unit of time in a mlxing tube with pacallel 

sides as g~ven by Lorenz 5 Is 

L : ~-N ~ (V. -- Vt)2 + % ~(Vs -- Vt I~ 
25 2g 

\ 

\\i ̧ 

\ 
\ 
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The loss of energy due to frictional resistance of t h e  boundaries in 

the alxing tube is approximately 

Kt ¥ Qt ¥2t 

2g 

where K t i s  a r e s i s t a n c e  f a c t o r  computed in'~!the sa~e manner as  f o r  
, j ,  

L'tow in  a c o n v e r g i n g  t u b s .  The l o s s  o f  energy  in  t h e  d i f f u s e r  i s  ex-  

pressecL as 

YKd QT V2t 

2g 

E q u a t i n g  t h e  power s u p p l i e d  by : t h e  n o z z l e  ~.bo t h e  sum o ['-! t he  ~ork 

done per second and the i'rlction and shock losses gives 

QN(HN ~ H a ) = %(H d -- Hs)+ K. ~ V2N + Ks %v2s 
!~2g 2g 

+ C Kd + ~t)% v2t+ ~N 
2g 2g 

%, ( vs:-- v t ) 2  " (6) " ~  • • • • • • • i 'e - e  - • • • • m 

2g 

Subtract ing equations (3) fro~. equation (2)-and inser t ing  the 

re la t ions of (5) g iws  

~2 N H s • + K  N (l  +,Xsj s • .... (7) • • 

2g ~ 

Hearranglng equation (6) gives 
B 

Hi~ -- Hd = Qs + 2g 

Ha Hs QN Hd ~ Hs 
D O D I g I Q O Q I @ D O I O ~  C8) 

where 

B = K N VN 2 + K s Qs 

QN 
V,32 + (~a + llt) QT V2t 

+ (vz~ -vt)2 + ~s (vs- vt)2 . . . . . . . . .  C9) 

7 i! 

3S 



subtracting equation (7) Atom equation (6) and collecting terms, 

gives 

H d ~ Hs = QN 

Substituting this in equation (8)gives 

% - -  Xd = ~ + (QN÷ %) B , i - ,  ...(lO) 

s d --- Ss Q~ QN N 

In these equations the basic assumptio ns~are t~at L has 

parallel sides, the area coefficient of the nozzle is n the 

nozzle velocity is the average velocity at the vena co n 

the mixing ~s complete, or nearly so, at the throat. The nozzle 

coefficient K N is a velocity ~oefficient; Kd and K t are friction 

coefficients based on the throat velocity, K t is obtained by com- 

puting the friction loss in the mixing tube from the ordinary 

f~i ction e q u a t i o n  

HL:f  
D 2g 

and equating this to K t = V2t • 

If the sides of the mixing tube are parallel, Et is equal to I" L • 
• 2o 

K is obtained by equating all of the diffuser losses to K d V t dam 
2g 

s o l v i n ~  f o r  K d.  Ks i s  a f r i c t i o n  c o e f f i c i e n t  r e p r e s e n t i n g  a l i  oF , 

t h e  l o s s e s  in  t h e  s u c t i o n  l i n e .  I t  i s  b a s e d  on Vs a t  t h e  u p s t r e a m  

end of the mixing tube. If the nozzle has ~m area coef£iclent, the :~ 

V B and A N refer to the conditions ex~stlng at the ve~a contracta, and " !i 

A s is the area oi' the ring surrounding the vend contracta. i 
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As equation (±) is not entirely correct for a jet-pump having 

a converging m lxln~ chamber (the energy loss equation (As) applies 

to a mi>:ing tube with para~z~l siaes), a comparison oi" the test 

results to the results computed from equation (lO) was made to 

determine il a suitable agpeement could be obtained. From~test E 2, 

where the neeale ~as ~'emoveO from the nozzle, the test data ~as as 

follows: 

Qs = 2.14 

%N = ;.26 

H N = 97-31 

H s : -t.!5 

H d = ] 2 . ' : )5  

The velocities obbaine~ f:'om ~uat~-on (5) were 

V~ : 72. L i 

vt : 35.63 

V s = 20.70 

V N is the average velocity at the vena contraCtao~" thenozzle, ~ana 

V s is the velocity of the suction flow!in,the area~suA'rOunding t~the 

vena contcacta at the beginning of the m~xing chamber. The actUal 

' fi z:ie was 0,01849 square feet. h a~co- area at the . n a  o ,,.~he no  

eI'flcient of ~rea equal to 0.9&3, the area of theven~ :!acta 

as 0.C174. Subtractlng this aL'ea £'~'om the area o~ mi:~x g chamber 

at the upstream end gave A s equal to O,103& square feet. Aft was 

e,~ual to 0.0967 square feet. ]?he computed friction coefficients were 

K t = 0.062 

Kd = 0.]26 



K s = 0.067 

K N : 0.27S 

w h e r ~  K n = I 

V 
-- I. . Substituting these values into equation (i0) 

gay e 

H N -- H d = 6.i3 

H d -- H s 

agalnst the test value of 5.,09, or" approxlmatelyi2.3 percent var- 

latlon. The results of" other tests dld nOt [vary moz~e /than 6 percent 

from the values obtalned from equation (iO). ~The percentage of~var - 

~atlon from the actual probably varles wlth the amount of divergence 

ol- convez'gence of the aiy~Ing tube. However, no attempt was made to 

determine this in the test program. ~i~i ~ " 

J 

As a check on the accuracy of the~origlnal design, ithe assumed 

constants 

k d : 0.150 

K t = 0.135 

K N = 0.155 

C a = 0.94 

QN = 0.893 

A N = 0.0118 

K s = 0.067 

A s - 0.1278 

were substituted in equation (6) along wlth the design heads. The 

equation was then reduced to the form 

37.39 Qs 3 + 117.95 Qs 2 + 1705.59 Qs -- 35.64 = 0 

Y 



which gaw ks : 0.02] cubic feet per second. As the suction flow in 

the model, unaer these conditions, was so,small it ",ould not reglste~ o 

an accurate ~eadlng on the connectea metering system, ~% cannot 

be s t a t e d  t h a t  a gooc ag reemen t  was o b t a i n e d .  However, the  r e s u l t s  

a r e  s i g n i f i c a n t  when i t  i s  rea±i2.ed t h a t  a c c o r d t n g ~ t o ~ t h e d e s i g n ,  ; t~e 

mode] s u c t i o n  t'lo~ should have  been 2.5P s e c o n a - i ' e e t  under  , the  t e s t  

conditions. 

Length or" the mixing tube. Equation (i0) doesnot contain any 

terms ~hich refer to the mixing len~-th nor ~'~as there any:atteapt, in 

this study, to establish or verily a theo:'y conce:~ing thls phenom=zLa. 

Th~ Oata ava~iahi~ in !It~ature hay.: b~en taken for the simpler 

cases of t~bu]ent i'!o~, namely, cases ol ° wail bolmd turbulence such a~ 

i'lox in converging o~ Qiverglng sections, or:para±iel flo~ stud free 

discharge oI a j~t ~nto a fr~e fiui~, '.~hich is i'r=-~._ turb,l.nc~., ''= ~ It 

has L~=.n found in fu!i 5, deveiopea wall t, oUna tu~-buience that the 

a l x i n g  length (L) is some /unction ol a aistance (y) t'rom the 

boundary. Th,} function ~s aepenaent on the conve~'gence 'or divergence 

of the jet but is independent of the distance (x) along~:.the axisof 

the stream, in a free jet (L) is independent oi" (y) ibut Proportion- 

al t o  (x). 

~any practical problems such as the jet,pump Involve a combin- 

ation of wall-bound and l'z'ee turbulence. The characteristics Of %he 

two types of turbulence are distinctly dltTez'ent and the combined 

characteristics a~'e ai1~Icult or impossible to predict. 

To illustrate the mixing process, a small quantity or" air was 

admitted to th ~- arivlng jet during the opt.ration of the p~p, and 
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photogL'aphs, figure ~, :,.~:',? taken oi th~ dlsp~rslon of' the elf. 

They indicate the an~le oi' d~ffuslon ol the a~Ivlng jet ~u~u~hat the 

mi>:ing was completes bet'oz'e the flow reaches the end of th~ mixing 

tube. ~igure 9 illust~'ates the 'sheazlng:actlon between the Inney 

and the outer jets du~'In~ the aixlnz pL.ocess, 
/J 

In the tests it appeared that a mixing tube, 12 ariving-jet 

dls]neters in length, was sufficient. An inc:'ease Of thls ratlo re- 

duued th~ oven'-all efficiency. 

Cavitation in the mixiL, K tube. It is generaliy~accepted theory 

that cavitation in ~l hydraulic passage occurs only when the ipres- 

sure at some point within it app:'oaches oc reaches the sure 

of ~atel which ;~oui~ have to e~ist somewhere in,the app ore 

damage cou'_d occur'. Usually, int~,L'p~'etation of the preesureda~a 

obtaJn~o in th=, nod,. ~s basea upon this concept. 

When the p~'ess,~'~, at a point l'al.~s below the vapor p~'essuze, 

masses of vapor a~'e foz'meu ann th~ey,move~along with:the st:'eam, As 

the vapor masses ~'each a section '*heze~the,p~'essu~.e Is above~th~ 

vapor" pressure, the .masses collapse, producin£ a .sharp, metallic 

crac~cling called crepitation. By so aolng.they.glve ri6e .to pres- 

sures of great intensity. If ~the actlon~}take.s place:In close p~'ox- 

imity to the sides oi' ~She water passage, pa tlcles ol the sides are 

graaualiy torn away. If the process is allowed to contlnu~ for a 

su~'flcient pez'iod oi' tim~, complete dlslntegratlon oi' sides ~.~lli re- 

suit. Usually, the phenomenon is Cue :to the bounaary~eometry which 

causes a low-pressure zone that can be detected ~by plezometers placed . o 

at st~'ategl c polnts. 

< "=~_ 
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FIGURE 8 

A. Nozzle d~nchargc 1.05 .ec. ft.-veloclty np~rox. 80 feet per see. 
driven flow 1.95 eec. ft. 

B. Nozzle discharge 0.91 see. ft.-velocity approx. 80 feet per sec. 
dr~ven flow 0.60 sec. ft. 

C. ~lew shoWin~ i n n e r  and o u t e r  m i x i n g  cones  

B~IPANSION OF ~IVING JET 





In the jet-pumP alx~ng tube, eavltation phenomenon was indicated il 

metallic cracklin{~ sounas and by a movement of  the  mlxine- i i by sharpp 

tube walls slmila~" to that which is felt whenthe finKers,are placed . 
r 

on one sine of the thin plate, the opposite side of which is'struck 

a sharp h[ow '.~'ith a shacp instx~ment. The cavJtatlon ~hich was tak- / 

ing place was not inOicated by the piezomete~'s, nor ,as it~possible ~ , 

to  l o c a t e  a p o i n t  where the  p iezomet r iC  pressuL'es show~d~,(a p r e s s u r e  

nea:" the vapor pL'essuL'e of water. ~The only expla~mtion ol £he occu - 
! 

fence of th~ cavitation appears in figure 9. When two Jets of differ- i 

ent w~Iocities combine, the mixing is accompanied by a shearing force I 

between the t~c jets which causes the vortices sho~'n in t'igure 9. ~i 

Th~ tapir rotation o: the vo,'~ices wi!i eL-eats a low pressure at the ~ 

' 8 center" of rotation. ~h.n this occurs in a region where the average ., 

'q i pressure in the fluid is below atmospheric, it is conceivable that ,~" ;~, 

the whlrl~n~ of the individu~ vortices woulc reduce the pressure at ~, 

center's sufficiently to caus~ ,a small vapor;.PoCket~to~form- il their 

As the speed of rotation of the vortex re~duced, or as it moved ~to 

a region of hi~her pressure, the vapor mass collapsed, causin~ithe 

eracKiin~ sotmd. When the collapse occurre~ at or near ~the mixing, j 

,i 
tube walls, it seems probable that the force ~as sufficient to cause ~ 

the movement that was cetected;whe~ placing the fingers on the s~de :' 
i 

of the tub~. ~- 

Althou~h this type of cavitation has little, if any, effect~on 
L~ 

the average pressure in the iiuld, its destructive action.is just as i 

severe as that resultin~ irom a boundary condition. If a suitable 

pie;;oeiect~Ic p~essure p~'oLe and an osci!lo~:'aph had been aTailab!*, 

it would ha~e been possible to v..lly the cavitation occurrln~ in the ~;~ 

fluid. 
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CavltatJon du~. to otheL causes can be expecteu Jn a jet-pump J[' 

th~ ~ distance through whlch the ~ater is ll~ted be!:omes suITicJ~..ntly 

great to cause the pressure across the plane of thenozzle to reach 

the vapor pressure. This condition can also be obtained with rela- 

tively low lifts Jf the head on the nozzle is hlgh aria.the back 

pressure on the mixing tube is relatively small. 7~la elther~case the ~" 

condition of vapor pressure across the ozzle limits 

the amount of' water that can be pumped under particular condition. 

The cavltating pressures due to these causes can .be ellminated~by 

proper desi&m, or by judlclous stuoy~to determine the proper ele- 

vation of the pump. 

Jet-pump efficiency. Fou~ possible methods of computing the 

efflcJency give dJffeA'ent results. On the basis of total energyilnto 

the pump and out Irom It. 

qN HN + Qs Hs 

The value oi' E obtained from this equation ~Cepencs on the:datum 

used in computing the varlous heaus, and it :can~,be -made:,nearlyl unity 

by locating the datum far below the primp, since the ~ heads : become . 

nearly equal as the z- alstance to the datum approaches Inflnlty, 

This difficulty can oe remedied by choosing the center llne of the 

pump as the datum in all instances. The second methoc, which makes 

use of the total energy used and the work done, has a single value 

regardless of the datum plane. 

The e~presslon is E = Qs(Hc -- Hs) .......... (12) 
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The t h i r d  method assumes the  u s e f u l  work done i s  equal  ,to the  t o t a l  

amount of' wa te r  Q d e l i v e r e d  betwee~ t h e  d i f f e r e n t i a l  pumping heads ,  

The expression E = Qt (Hd --T~.HS) . . . . . . ... • , (13) 
Q ~I . 

i s  a l s o  o f  s i n g l e  v a l u e  I r r e s p e c t J v ~  o f  t h e  datum p l a n e .  T h l s  

expression is probably moL'e Indi~atlve ~hen pumping costs a~e belng 

considered than are the two previous equations. Equation (13);is 

cognizant of the fact that water'Is being dellvered to some point, 

and, while the work done is only Qs (Hd w Hs) , the amount 0f water 

available at H d is not Qs but QT" 

A better understanding of the efticlency of the jet pump can 

be obtained hy comparing Its p.rformances ~Ith a motor-drlven cen- 

trlfugal pump operatlng under' the s~me cond~tlons. If the source 

of energy for an electrically driven centri[u~;al pump:Is water power 

and 340 cubic feet per second are to be pumped through a llftof 16- 

feet, as Is th~ case In the Keswlck arrangement, then 

340 x 16 x 62.40 = 617.21 hp., is the amount of energy which must 
55O 

be available in the discharge llne ol th. pump. If the over-all. 

efficiency of the pump and the motor Is 70 percent and ~he over-all 

ef'flcJency of" the electrical supply is 75 percent, then the horsepower ~ 

that aust be availabi~, at the turbin~ runner Is ,, 617,21 ,:or 

0.70 x0.75 
!,17~.60 hp., ~hich is e~ua~ to the ~ater po~ez that must be avail- 

able to operate th~ centrifugal pump. Under the e,,ae~ondltlons, 

the Keswick jet-pu.p ~iil ccasuse ~ater that couLc oth~':'wlse be ~sed 

for power at the rate o~ ii3 cublc test p~" second unaez an S6-foot 

head. This l lo~ ~'ep~'esents 1,102.~ ho~'sepower as compareu to 

1,175.G0 horsepower for the centrifugal p~np. 
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The £ourth method of computing tne efficiency and one which is 

used in Bureau of Recl~tion designs has the form 

z : Hd __ H s (1 + . . . . .  • • . . . . . . . . . . .  CI ) 

~n Qn 

This equation is also multlvalueO depending on the datum used for com- 

putlng the efficiency. However, if the cemter line cf the pump iB 

used as the datum compatible results are obtained. 

VI - PEELIMINARY DESIGN 

A m~.thod /or determlnin~, a prellminary design. The Investl- 

gation thus far has not presented an approach to the problem of 

designing a jet-pump. This sectlon oi" th~ report will deal chiefly 

with a method for determining a prellmlnary assign and gives a means 

of determining if a Jet-pump is applicable to a particular, installa- 

tion. The method is based on the momentum theorem and the results 

obtained are general and apply to any jet-pump if the proper losses 

are included. 

The method is ~.-orked out on the ass~uptlon of mixlng under con- 

st~nt pressure for simpllfication of the comput~ations, This ass~np- 

tlon will not affect the accuracy of the results or reduce them to a 

specific case as will be sho.~n later. On this basis, the various 

momentum relationships are* nozzle momentum = Qn Vn, suction flow 

momentum = Qs VB and the mixing tube momentum at the throat is 

(Qn + Qs) Vt" Since V t is cqual to the average veloc~.ty at,the 

throat, ~ becomes (Qn + Qs) and the momentum at the throat equals 

(~n + Qs) 2. At 

A t 
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Since the mo,aentu,m theorem may be expressed in words as tollo~s: 

If a closed bounuary Is fixed in a moving fluid, the geometrlcal 

m~ ot' the momenta c~'ossin~ the bounaarles per unit of time, equals 

th.~ ~eometrical sum of th~ forces acting on the: fluid Wlthln:the 

boundary. The directions oL' the mom~.nta sho,~ld be taken in the 

dir.~ct~on oi" i'lo~ ~h.L,,'e. th.~ Lluid' leaves'the boundary and opposlte ~, 

to the dlreutlon of flow where the fiUia entecs~the boundary. The 

e~uatlon of action in the ml,.lag tub~., ne~l.~ctiag losses~ becomes 

(~ + Qs )2 -- ~ Vn -- Qs Vs '~ = (An + AS)Pn ~- AtP t 2nrpdr. 

Since mixing was assaaea to occuA- at constant p'~'essuA.ePn = Pt = P 

and the equation may be written <!~ 

At 
The quant i t y  insJce the brackets on the r i gh t  side..,ot'.the equation 

becomes zero fo~" mixJn~ undez, constant press,~e, and the equation 

reduces to (Qn + Qs )2 -- qn ~n --Qs Vs= O.. 

At 

By letting ~n = Qn and V s = Qs, substltuting and simplifying, the 

An As 
equation is reduced to 

Qn 2 CA t - I) + Qs 2 (A t - I) --2Qs Qn = 0 ........ (AS) 

An ~s 

E~uation 15 contains directly ~the area of" the nozzle jet, the area of 

th~ suction j~t, and the throat area. Both Hn and H s are IndireCtly 

containe~ in Qs- H d does not enter the equation either dlrectly or 

indlrectiy. Its vaJ.u-~ was taken as Vt 2 ~Jth full :.e~ov~.ry assumed 

2g 
in th? ci~usec. :or" th~ case ol no loss_=s H s was taken equal to 

Vs2 pl.~s or minus the dat,~,m chosen for the constant mi~Ing p~'essure. 

2g 
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With t h e  e q u a t i o n  (15) as a b a s i s  a n t i . a n  assumed c o n s t a n t  mix ing  

p r e s s u r e  o f  a t m o s p h e r i c  p r e s s u r e  (any o t h e r  p r e s s u r e  cou ld  have been 

taken), the cu~'ve of efficiency versus~ --H m for zero losses, 

figu~'e i0, was computed as /'ollows: A n was taken as D,IO square 

t'eet with Qn = 0.80 and various combinations oi' A s ana At. These 

values ~ere substJtu~ud in equation (15) and Qs -as determined. 

With An, Qn, Qs, Qt' ana A ~nown, It was possible to compute Ha, Hn 

and H s. This when substltatea Jn the etflclency equation 

Ha as (I - Q,) 

gave an efficiency value for the comblnat~on of areas chosen. B:~ 

holdln~ Qn An ana A~ constant, varying A and repeating the process 

it ,as possible to obtain a curve of efFiclsncy against the ratio 

A t from which it ,as possible to select an area comblnat~on which 

A s 

gave the maximum ef~iclency for the particular throat area, nozzle 

area and dischaL-ge selected. This in turn gave a point on the ef- 

f~clency curve of' zero loss on flguve'10. Th~s process ~as repeated 

until the complet~ efTlclency c~grve on flgure i0 was obtained. The 

correspond~n 6 ratio of' Qs/Qn was plotted on the same sheet. The 

t~o cuLwes thus obtained ,ili give the maxlmmm efflclency obtainable 

as well as the .uaximum ratio Qs/Qn obtainable L'o~ a ceetaln comblna- 

tion ol H d -- H s fo~'- any jet-pump ~'cgaroless o[' whether the mixing 

tuSe has parallel 8~ses or whgther they are conver@ing or dlv~rglng. 

This is appa~'ent i'rom a close examination oi the aoaentum e.,uat~on 
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O~aV n $ QaVs - O~Vt÷ (A n ÷ AB)~P n - A t P  t ÷ 

I f  the  mixing i s  a t  c o n s t a n t  pz 'easure l the  momentum e n t e r i n g  the 

mixing tube i s  equal to the  momentum leav ing  and , t he  e f f i c i e n c y  i s  

a t  a mLxtmu~ for  t h e  p a r t i c u l a r  des ign .  I £  a t u b e , i s  d e s t ~ n e d  for  

mixing under v a r i a b l e  p r e s su re  the  c ~ g e  tn momentum i s  converted 

to  p r e s su re  and the pumping e f f i c i e n c y  wf l l  b e  t h e  same as for  

mixing under cons tant  p r e s s u r e ,  p r o v i d e d v a r i a b l e  mixing p r e s s u r e  

des ign  has been p rope r ly  p r o p o r t i o n e d . . I t  should ~be emphasized~at  

t h i s  p o i n t  t ha t  t f  a Jc~-pump i s  p r o p e r l y  . p ropor t toned  ~it w i l l  per- 

form a t  ~ximum e f £ t c t e n c y  o n l y  a t  the  combination of  ~heads '. for  

which it was designed. Any variation of the Hd, H n or Ha from'the 

desi~ned value wil! reduce the efficiency of shy Jet-pu~p~deslgn, 

Like~ise, a mixing tube designed for mixing at constant pressure 

will perform ~n this manner only at the heads and discharges for 

whlch it was desIEned. Any variation of head ~iI cause mlxlngto 

occur at vaA-labl~- pressures and lo~er efflclencles. 

The efflc~ency curve and the correspondlng curve of Qs/Q n for 

zero losses, Isnot applicable to a deslgn, It Is useful In that it 

shows an optimum condition and can be used to sho~ the reduction in 

efficiency caused by. various losses in a jet-pump, To illustrate the 

elf/act on the efficiency another curve Is shown on figure iO ~here 

the nozzl~ velocity coefficient was taken as 0.975, t e coefficient 

of the alffuser as 0.9~, and zero losses in the mixlng tube. In 

general, tkls Red the effect of reducJn~ the pump efficiency epprox- 

i,,ately 5 percent. The curve ~as computed in the same manner as was 



t h e  one f o r  zero l o s s e s ,  e x c e p t  %hat H4 was t a k e n  equal  t o  0 .95  Vt2 , 

2g 

Hn = G--~l Vn 2,2g and H s = 1.07 2g Vs-~2 in the efficlency equatlon. 

The value o£ 1.07 ¥~r made someallo.ance for f r i c t i o n  and 

e n t r a n c e  l o s s e s  i n  t h e  s u c t i o n  l i n e .  T h e  e f f e c t  of t h e s e  l o s s e s  

on the  pumping r a t i o  Q~/Qn was  more pronounced a t  low v a l u e s  Of 

Hd --- He , whlch is an ~ual valueof the 
Hn 

pumping ratio in th~s region will ~be difficult topred~ct because of 

the uncertainty of the pump losses. 

For comparison w~th these curves, ~he fi~id teats of the Shss~ 

and Grand Coulee jet-pumps hav.o also lbeen plotted on' £igure I0. 

Through the range tor which ~he tests were conaucted, the Shasta 

pumps sho~ a reduction in ei'13clency o f  approximately 13 percent 

below the zero friction loss ef£1clency. 'The Grand Coulee pumps 

show a fu~her reduction in efficiency; he,ever, this probably was 

due to the £act that the pumps were not operated polnt:~of 

peak efflclency for the particular head availabYe a~ ,the i~Ime of 

testing. 

In addition to the previously mentioned curves o£ flgure I0 ,two 

preliminary design curves have been plotted for use in ~determinlng 

the. i'easi~l~ty of a Jet-pump for a particular installation. They 

are base~ on equation (I0) wltb the aaditlonof looses reeultlng from 

a C v of' th~ nozzle equal to 0.9~, a dlf£user efflciencyof 0.95, and 

fldctlon Iose~e in the mi×Ing tube. The curves nearly coincide ~dth 

~h÷ Shasta t~id teEts and agre~ ciosely.~Ith the model tests. They 

.q' ".' !~t~ 

)"j 
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are intended to be used a s  t'olio.sz With a auction lift H e of& feet, 

a d~l~very head H d of 30 feet and a total dlscharge of &O second-feet 

• hlch will be the suction and nozzle dlscharges ~hen t 

nozzle head H d is i00 t'eet. 

Hn 
instance is 0.340. ~nter the chart ~ith this value and t'Ind the ~n- 

tersectlon w~th the preliminary aeslgn curve Qs/Qh which sho~s a 

ratio of 0.60. The corresponding efflciencyis 0,54. Since 

Qs + Qn = Qt : 40 or Qs + I = 40, the value of Qn is found to,be 
Q 

tnto:the 25 second-feet with the ratio Q s =0.60 

e~uatlon. By substractlon, ~s is t'ound to be i With 

this InformaUlon, and knowing the characteristics of the:nozzle, it 

is possible t,~ de~ermln,.~ /~ as well as the nozzie design. Anyone 

fm, iliar with j~t-pum.ps could estimate ~Ith little aOdltlonai work, 

the appcoxlmatc si:,.e and cost of the installation and thus determine 

th~ economlca~ aspects of the design. :in addltlon, %he information 

conc~_rnln~ the .vat~: supply foc the no~zle is det~rmlned with accur- 

acy sufficient for design purposes, il the nozzle and dlffuser coef_ 

~ici~nts are v~.y near those s~.~ecte~ t'o~ plottlng the curve. 

The p~'oceuu~--, for pL'eparlng the tins! design ~ill not be Sis- 

cussed here. It oepends upon ~hetner or not a mi×~ng tub~ o!' paral- 

lel, converging oz' diverging side walls :~ill be selected for the design. 
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V I I  - O /~ ,LUSIONS 

~licab~li~_~ i of the momentum theore_~. Fro,~ th,~ r~suJt~ oi 

th~se tests and tgsts by others it appears that the momen%llm equation 

is applicable to the design of" jet pumps, The equation applles to 

either parallel, diverging or conver~Jng mixing tubes* 

With the exception of a deslg~l havin~ a mlxlng'~%ube with parallel 

sle_~s the use of the momentum equation in deslgnlng a,mlxlng tube be- 

comes quite involved a~Id laborious. The design of mlxlng tubes wlth 

non-parallel sines Jnwolves a step-by-step method of selecting ~short 

Incremen1~s ~n ±ength of t ,alxlng tube and analyzing each by the 

principle or" mom=n~ I.. 

Anoth ~ " 
tfi~ulty with the aomentum equal/on ~s that ~t does not 

g~ve an}, ind~catlon of the proper length of the,mi:dn~ tube. At~the i 

present time a suitable mathematical analysls ha8 not been developed. 

The length is usually fixed by the "rule of thumb, method and a mlx/ng 

tube 12 driving-jet dlametezs in l-ngth is:ado<u ate 
- l for complete mlxdng. 

Cavitatlon. Cavitation p=oduced by a combination of aubatmos- 

ph~ric pr~ssuzes and l'apldly rotating vortices is always a potential 

source of trouble in a jet,pump r~gardless of ho~, careful!yi~the pump i 

le designed. The pressure inside the vortices cannot be determined 

chiefly because their angular velocity is Indetermlnate. Consequently, 

the operating point at which the destructive action of cavitation 

occurs cannot be determined. 

The cavltatlon can be el~mlnated through a wider operatlng range 

by the admission of air %o the shear plane exlstln£ between the drlv- 

Ing and driven jets. 
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