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The need tor later in: excaua of tha natural precipitation _.II e
‘and stream flow in the arid and leml—arid regionalff the{western'
United States was created in the early part of thé twen iéch cen—iiiu‘?
turywby development or lands: and citiea along the atreama. f;;;f f~f:*
Iany atoragn raaarVoire were built to impound the apring run-off f'}'LF
and fresbetwflow, and’ the water later released to augment the fx‘;"‘f
.natural supply of watsr during the dry aeaaon.,-7'”"-ﬂvj';
A8 the: development of land progresaed westw&rd many atruc~:;ij]§ﬁ
tures were pianned on atreams lnhabited by tha migrahory.uibh.:xﬁ; m"
These presented an impnssible barrler to the natural migration of .
the fish. ' | | '
Since Réauidk‘nam'ia‘being'canétfﬁétéd;éwﬁf??tream‘of this
type, it was. neceasary to provide a meane whereby-thi‘ atural habits  %:-7” '
of the finh, whose nigration would be diarupted by ‘the' barrier, fﬁ“
could be carried out. by the. aiu of artificial‘ ;thoda an Hﬁhe{ex-“. {;
fatence of the epecioa perpetuated.,¢: o “  _  - _ _ _? ..
Tha artificial aids to- fiah migration uaual;y”;insiét of fiah-
ladders which are a series of: aacending weirs nufticiently lofﬁtofp‘
apermit the fish ‘to progress upstr-am by leaping from one weir ﬁo
‘the other until the top of the damis: reached:‘”Thiu uethod will;”
.suffice if the dem is low but if the structu;e 1n.h1gh the fiah— 

ladder becozes a aajor structure anu the cost ia extrenely high."

~ ‘When a condition such as. this exiatl A cumbinatien fiah-trnp and\' |




ladder ia uaed. 1t conaiata of. a aaries of low” eirl which conduct
the fish to a trap where thoy are ramoved and trannported above the ;T1;
dam or to & hatchery uhare they are nilked for ‘  :” _ Ll E " .T
| All of theae typas oi ttructurea requiro a'conatant uater supply. E
during the season in which nigration occura. If the total -ater,aup-
ply is taken from the. ruaarVuir abcva the dnm a conaiderable amount
of water rhich would nthar-iso be valuable for power would be Ialbed._. 
For this raaaon, 1t was propoaad to utilize part of the outflon from
the turbines to lmpply the filh-trap.‘ Since th“f'upatranm end of t.be
fish-trap is above the normal tailnatar level=i  tha river, 1t uaa
necea-ary to pump all of the lupply from the tailrace or utiliza_ :
part of the flow trom t.he raaervoir to oparat.e . jat-pump having‘t.he e
suction 1ntake located in the tailrace.ﬁ Theilatter proposal uaa
selected for the. Keawick 1natallation bacauae it wau aa aound econoaic~_:‘
ally as the- turbine and "entrifugal pump arrangauent. It had the i
added advantage that the wear. due to moving parts was negligibleh

This paper was luhmitted aB. a theaia to the Faculty of the
Graduats School of the: Univeraity of Colorado in partial fulfillmenta.a'

of the requiramenta ior the Dggrae, laster of Science., A copy o,.a

the thesis is availabln in the liurary of the Bureau of Reclamation.'  -
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- 85.474nches: loné. A ‘diffuaer, ‘,25 foet 1n. length and 'eu. 6! ‘nche,‘ :

uued for. priming t. punp and rﬂgulating,pressure,and flowwth ughout*
the apparatua. owever, the primary control for regulating thp total
second. ‘The circular: baftle surroundingythe gate%wna ntende_’to s

the opposing concrate: wa.z.l.

L;at ol symbols.~t.‘«47»?*‘7”

'Pl =
Pa

. Q..r' - 4
N

aree provided for the‘auction flow in the_plan :
nozzle.‘ : . _ ‘ L

farea,of:mixing tube’at the dounstream end.f"“'

;area of. the nozzle.

Jpresaure at: the diacharge end of the~dif£user,
referred to canter 1ine of nozzle.

;suction heaa referred tci entnr 1ine af theyneeale.' :

total haad at dtsuhargefend offdjffuser.M




By total auctlon head refarred to canber 1ine of pumpn;_T]f‘b

Q.Eﬁ“—‘total head on - center line of the noazle, not 1ncluding'f5?
Py tde preslure across the plane oi “the: nozzle

follows'k Tha two Jete iasue at uifzeren

r

aren. The Jets then combine with inelastit. impact, and at he

arem. LL tha mixing chamber is cylindri-

and momentum cambined with contmuity ‘give the'_t‘

Q‘r vT*r _‘Qu "NT __,u_s

mass is not that due to tha difforenc=
7‘ but thera 18 ] xa component o£‘ t.he praasure
‘along the axis, and t.he momant.um e.,uation becomes

Qe Qu V};Y - Qg VBY
*«‘:_fg g B




~ The 1angth of" tbe nixing proceaa varies with tha dinmetars, -,y?'~-«k

nain . lhile these ire axcollent plpora they.lr eoncernedhchlafly

vand*the actual“reeults., ln thoir;published rmsults,
Pump,*® a formula haa been ev01Ved which agreea with the tests
{Bowever, reaulta were based an a cylindriculrmixing tube“ and no: ° -

data wes nvailable for pumps with con a”:tubns;

11 - PURP@SE OF IODEL STUDIES

4he




nozzle discharge (a 3:1 punping ratio) -hen the differeuticl punp—

ing head was Approximately 16: feet prototype.‘ rhis also corres~

ponded to the head used in the model becnule these teata were lads f 7” e

with prototype heada in ordar to ébtain prototype prauuurea on tha
From the preliminary tests it was apparent that the?aroa of theﬂ?:
suction scroll in the region aurrOLnding the nozzle uas too‘largo,‘}iff
causing VOrticas to form which extended into the mixing tube. h
pcondition was remedied by placing fillers in thenJ J txv
‘shown in figure 2A. Suhaequant tests of the dasign revaaled tbat _
instead of delivaring water at the 3:1 ratio in. combination lith thaQ:€Q‘¥
design headn, 1t pumped an nmnunt so aaailfthatvit'could not be
measursd with the laboratory neters  'Becau5e of_thi .1t appeared thstéﬁ

the proportions of the mixizg tube were 1n error mnsiderable in-‘:;]

provement in: perfornance vas obtained bykdhortening'%he nixing tube.‘ I

But, as the anticipated rauults were not obtainéd,fr;'“L nclude
thet the 311 pumping ratio waa unobtainable uith theidetign headn.’ -
In view of . this, tnew: uixing tube and a nore efriciﬁnt'diff~’
user were dessgned figure 2C, to affect & 2:1 punping rntiofnt”the  ;
sana differantial puaping head of 16 faet. Thia design'alpo ,‘:= -
to perfcrm as anticipatad. lt waB' therefore asuuaedﬁthat the aiaa
of the. pump was' insutficiant. By considering the modal;ayrbéing to ]-."
a scale gof 1311.5 insteaa of the previous scale of 1;10 it u:a pos—
stble to obtain the desired total diacharge into the filh—trap for- lnyff‘
differential pumping head up to 16 feet and a minimum drifing head =

of 114 feet, absolute, at the ceater line of the nozzie.
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During the telting it was  shown that the jet~pump could be
primed satiafactorily without the aid oi the cylinder gate. Thin
was effected by allowing a varw small diauharge frou the nonzla to::.
flow into ths fish—trup until the diffuaer was completoly aub-_-wj
merged. Then, by increaning the flow irom the noz;le, tha pre'”u¥exifﬁ
in the suction scroll reduced uuificiently to allnw the water roﬁ |
the tailrace to flow into the pump, thereby pri#‘ng the pump.- 35  'x”

Another reiinement was maue qn tha dcsign*by :hanging"he” £

baffle from a ahallow circuiar hood to a deep aemicircle with a lip~:' .

at the open end that deflected the Llon dounward from theﬁuppar or
half of the diffussr, i‘iguras '21 and c. _ This minimized t.he boil:lng f
and the splash that occurred uhen the Jot from*th 3d1ffuser im—,u
pinged on the opposing -all of. the diatribution chamber.g  ‘f‘ :
Anelyzing the datc wit.h the aid of t.he]momentum pr.’mciple, it
vealed that the momantum aquation geve reaults of cufficient accu~;‘;li'
racy for design purpoaea. From a further atudyj a preliminary de-:.'“.
sign curve was devnlopeq which providea a quick method of determining o
the applicability of the Jet—pump to a: particular installation.; |
Cavitation in a jet-pump ia: alwaya a potential source of
troubie even in the most carefully deaigned installations._“‘i£Uﬁ4pjw
due to the shearing action between the two Jets v&Bting off rapidly
whirling vortices wshich, under cnrtain cond‘tlon= torn vapor L
pockets at their centers. The coliaps= of” 1;hexs|‘= poumets at the
boundariza can cause pitting. This‘condition can be_a;leviaged
by admitting air to the ghear piane betwesn the jets. The quantity

of air required is sanll and does not materially effect the efficiency

of the pump.




111 ~ PHJNCIPLES OF SIHILITUDE FEEINE ;

The n IgggngEA To interpret thp results of model experimenta
it is necessary to haVa an equation which deacribes tha behavior ‘of
the fluid under ‘actuasl operating condltlons and one which containa
as vuriablea the dimenaions of the hyu:aulic atructure and quan—f
titlaes such as vincosity, velocity, preaaure dﬂnsity, aurfaca ten- il'*

elon, aelastic modulus, ntc., wbich auziiue to aetermine all of the  ;;J

eagential circumatances of flow. An equation of this type 1; callcd f‘;; ;9

2 physioel equation.,

Fluld flow is a general fdn'ati'o:iii_oi';'z; variables and may be

represented by the physical equation e
f (ay, a5, “a.-o'--“n) 0. .:. .{. . . ;.} L7,c. .‘. .tI)I""
The n theorem states that ir these n variablel can be axprelaed o
in terms of m dimeﬂsdonal units the general equation may then be- -
.expreasea &8s a function of n-m dimensionlena n terms, and that sach e
n term will have. m+l variableu of which only one need be changed
frow term to term. A dimenaionleas term beinb defiued ae one or
which the numericel value doea not change when the magnitude of
the fundamental units ;re Lhangeu when the relations between the
fundemental units are kept unaitered.‘ ln accordance uith thil,
equation (1) is generallyrwrittep | | | S
£ (M M2s W3 wommg) = 0L L L . '.“:..‘;-('2)_
The principal‘of dimensional homog=ne1ty statea that any cor-

rect and complete physical eguation must have all of 1t8 terms of the

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




each term when ospreosed 1n d#ﬁ-nniona of the F-L—T on. I—L-T jyitum

must contain identical powers of uch ‘of t.he reupocﬂve dimenu:lon.,

according to the aystem being uaod. i

All of the variablas that have nn effact on fluid lotion are:'

(1) the ‘physical propertiea, of denaity p, npecific weigh'”
cosity u, nurfacs tension c, elantic modulun k (2) the dynnnic und

kinematic gquantities,. of mean Velocitw V, - prolaure increnent lp,

and (3) a group of 11near dinenuionu LI b c, d reprelanting length,

width etc., nhich define the boundarian Df'flo" _ :€
,equntion of flow in these terns 19}'}”  o

f (a, b, c,q,v, AP! Po‘fn;urcr K)

which contains eleven ternl and noch term 1e expreslihle.in the throo
ddwnelonal units of mase 1eng+.h and tine. | Bince n 1- equnl to the

number of variablal uhich are equnl to elaven, and B il”équal to 3, -__

(the number of dimennional unita nana, langth and time), then accord;

ing to the ® theorem there will be na or 8 dinena:lunleal ® tam :ln |

the function -

f(“-l, ﬂz, “3 """ﬂa) = 0.:...'5...,f

selected arbitrarily, but 1t is expedient to select threeuvnriables,'

which betwaen the three“’"’conmn all of t.he unit-a in t.he l-—L-T system -

or the F-L-T syatem according to the ayatem used. Thia llulyu re—.
sults in & set of three simultaneoua-equationa in tha three exponents

of the dimensions, which makes it possible to determine the value of




the exponenta-easily. To- detormine the variablea and to suaist in

equation (3) are written in
a. =-a ieﬁgth
bf; a lenéth-
,a_iength
a_ledgth .-

‘& velocity =.length, .. ..
; S time
presgure CLOFCe . v
area oo SRR SR
deneity "=:gggg_ . e wile ‘
deLwelumen T T
“spncific weight force. o v aieie ol
swolgume oo e
~dynamic viscosity farce X timev;t;,”g
o ~araa’ Pt
,surface tenuiou force. ._...
length : SR
K elastic-modu iorce.ﬁ.x.k;a.,v@ ; ¢
area " o

from the dimensional equation aeleét three equations wbiéh

betacen then, contain all of the dimansional‘units Thi procedure; e
15 not nﬂcessary, ae any thrne terma could bé aelected:but _hu 2
method ex, dites the work. Three such enuationa are 7 LT . -
A=1L, L ﬂL -3, ch n tarm than castains theae thra@ variaﬁlesf‘
with the remaining variablea oi equation (3) appearing aingly jn
each group. Then _

=A% W pdp

.ﬂ2  1??;?’?#32‘8
: . ‘1_5 _Q?Y{_ﬁpz 5* B

= 4%6 gy6pl 6




“The exponenta X, ¥ and B sre to be determined auch tbnt n1,~n2"fg?7

‘n3, etc., shall have no dimenaiona, nnd therefore uill be 1ndep”“

By

A% VY P
X (1Y L“3B L
= LxHy- -3+l T—y uz L
For. the
fundamental unit of M, L or T must equal zero. Thus; o
X4y - 35 + 1" O) R ‘
=y =0

which ﬁhgn,sﬁlved'lgﬁve:x = -l;.:‘

“Then nl, =gt v°p° b b -

.L1+Yr33+l4y'rvy

B +,yf4;3a-fﬁ1; -
) . Ot A
B oE

From thismg, = A~ '-;vo# 0:¢ =

-31m11ar1y.n3. = d s and continuing jf  7ffff
11£:T &, yA 5 AA? T : L S

= Lx e "Y B uL'l T‘2 e

- Lx+y-33-1'u%+l T—y-z .

_'3g -1=0) -*~;. o
- gdl = 0) when x.= O o
-y-2 =.0)
and ny = 72 glap = =
14




In a similer mannsr, it can be shown that R
g =Y/p 3 W = B&‘ﬂ“? = O ; 8=K - -
Yoot e

Then from the equation (A) a general equation for the movenent ¥
can be expreseed aa | ” .

T (b c, d, A 1- B&’ =__ B N

a & a pV= ¥/, Va. T
This equation :nay also be written in the fom U

T c%, a, 8, pV2, V%/a , Va, v2a, %%)'_ 0. .

b c d A g /e , g : .
whers Y/p = g. The form of the terms in tb;ls equation‘ could hmre been
-obtained dirnctly i'rom the n tems it the varia‘ole f‘. .,:n uﬂrm”to tem,‘ﬁ'-‘ .

thet is b, d, T, g, C, AP, u and. K, hau been given the exponent (-1) )

The last four teras of euuat.ion (6) have been gjven meg.- ‘rhe ﬁr“"‘-::-,‘ o

tern _ V2/a_ 13 ‘the Froude number . F and. since a ia a linear cum_ i
ena:lon, it may be taken as ‘the depth ¥ and the term t.akea the form
¥Z which is as it is generally uritten. = The lecond “ ﬁeynold' .

nuaber in which a cun be t.aken as 8 diameter or hydraulic ,mdiug.

The qunntity u 13 equal to 'r the kinemater visconity. _ ﬁhen retrittenf',

in this fora the ‘tern takee: the form of’ %g which 'ia the uuual"h

of axpresaing Reynolda number R. The third ter 3 .1'a the Heber uunber

in which c/p ia’ the kinematec Lapillarity. ‘l'he fourth term ia the

Cauchy bumber C = 12_ whera E‘ l/p ’ the kinematjc ellﬂticit.y_‘ o A;‘ EE R

From the reaults of . the n theorem, a general equaticn for . e

the valocity of flulds my be expressed ‘in the: fom

v—f(g;,a,a,i’,ﬂ,ﬁ c, )\l
b ¢ &

The form of the function f _;except in the mnt aimple cases must be

dund by experiazent.




The explanation of equatian (6) regarding hydrnulic modale 1a

sisply this, for the fluld motion to be similar in any. tuo struc- e

tures, each of the diuensionlcua tarma in aquation (6) muat have

the same value in each atructure. That 1a, the value of &, c,;l'

F, R, etc., in the first atructure, must equal the valuesbofd

a8, ¢, F, R, etc., in the eecond atructure. Thia relationuhip is
:hedfundamental law governing tha deaign of hydraulic modsls._ Thay; f”j
terms a, a, and a are: ratioa cf the varioua atructural dimeneions J

and fo: t;eae raiiou to be: the l&me hetween model and prototype,”7 ﬁ

the two must be geomattically sinilar. The rntio or a prototype'TJ
dimenasion to & uimilar dimension on’ the model is called the gaonetric
scale ratio and is deaignatea by the letter n.: The fifth tern or

the Froude number antomatiually becomau the aame in geonetricnlly e
similar structurszs, 1f ‘the variation 1n the force of gravity and
atmoupheric pressure-are neglected anu the aaua fluid 15 used in

both structures. Ths same SY-N true of the fourtb term. The Heber

and Cauchy numbers maj be. naglected becauae the effect.ofﬁthe uap- ‘ffi
illary forces are smali, prdviaeq the pbysibal dimensionu of the g~
_model are not too anall and it ia obvious that theiéonpre-aibility

of water does not enter unlesa water hammer is being: ona¥dared.‘;;:'ﬂ  j;**
The remaining term which is heynolas number dadinlwith viicoua :khﬁ o
forces and for exact nia1laxity of flow to exiat batwsen model and _ T5 i
prototype, thas value of Reynolds number must be tha aane in both

model and prctotype. “ | _ |

By considering oniy geomatrically similar dﬁruéturéé;.dnly

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




similarity of flow and. s'.lnce t.he raluea of both nunt be the .'a'i\e\;m' it
lodel and pmtotype the- tems may ‘be: writt.en

V lmpm -_p ‘IEPE LI Y - ‘s . .'1. . .. - - o‘c:-‘:-.-‘ 0(7)
and Vﬁ Pm = VE PE

gardlesa of density.

Uma] ly tha ra.tio of’ s. ia t.aken au on‘e

hence the danaity of t.he liquid uaed in theszodel 13 imuateriul._-_.
For the Froudian law of motion the tranafer equat.ion in tem

of the linear scale ra.tio n, are derived aa fcllowa: For any lmgth‘

B . L, then Lp = an orn = % . The area dn the prototype = Lp!p, and:'}-j”‘ '

the area in the nodel I.-'m Eﬁ_ ‘;{ ._;_n:‘ .4 Sincegnz m_‘_.:&

and k# n, then Ap = ‘5-24 Ina aimilar aw.nner volmne p _= n3 mlume |
5

] R S
in the model. Equationz for time, diucbarge, velocity, etc., can he T

derived by setting up the ratioa for nodel and prototype bu‘h forjlpuro
pose of this paper. only, the results n:ltb lmter in the model are-', f
J listed: | : ‘ ‘ | |

b Weighty = n3 (‘,eigm in inodei)

ma = VB (time in model)

Volocityp = W"(velocity in model)

Acr:elerationp = (accelsraticn amodel)




Force =3 (force modnl)

P
Diacharga = n5/2 (diachargo lodel)
o Slopep, = (nlope nodal)
Power,, = 7/2 (power modal)
Momen tumg = HVZ (nomentum model)
Work, - 4 (work modnl)
Headp n. (head model)

The dynamicallquantitiaa ag’ force, pr;asure, power; etc;, bring
in either tne density or epecific waight. ﬁith water 1n both nodal
and prototypa the ratioa are idantical wibh the gravity ratio which
is one. . | “‘  “ | o o

4 model 1a a real flow system 1n which frictien plays an 1n«
portant part and it s necesuary to 1nvaatigata the affent of
viascosity or to ap’ly the Reynolds law of ainilarity exprdasgd by
ecuation (7). lf equationn (7) and (8) are to ba satisfied simul-~

tanecusly with gravity the same in both, then

Yol w=Ylp p. . - D e
- S A S
IR e

Then from equaticn (8)

it becomes

Yo i 5% lp p ? from which it ia;poseibla‘tq obtain.
Nn Um Up ' ' o =

two solutions. The obvious one in which 1p = lp, Up S Wpy m = p»

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

= v, o, Substituting this in equation (7), = .



The other solution occure whan nJ/? pm n Thia conditmn is in
. p m .5 - e K

general imposaible to iulfill bncauae oi thn ﬁiffieulty in obtaining.
Tlulde with theae propnrtioa.3 For low velocities the rﬂaiat&ncﬂh of r;JL
the fluild does not dbpand on'. the dansity anu the rusiatance to o
motion is aLmost entjrely dUb to the viSCOsity and va‘cﬁity-of the
liguid. 1In ‘model opexation, 1; the modei Iiow oz the prototype

llow are. 1n triﬁ zonn, that is hnynolda numbars bniow 750 ior open

channels ang 3000 for closea conauita, it is not poaaible to obtajn‘

slafilarity of {low in the model and the tranafez equations do not ' ‘ifg

For a flow aystem ot high velocitiﬂs, the dnnsity of the fiujd  f5 
plays an important part as aome of the 1orce acting on the bounaar—_H ' ”
ies ig due to- the momentum carrled away from the aurrace of. the _>;; “:]
boundaries by the fluiu in. thﬂ‘torm of ndqips.; Bince momentum eqﬁals
nass x velocity, and maaSequala 35 the monentum car ied away obvi—.“ .
ously depends on the censity of tghe fluid Thus in turbulent florr T
momentun transter js a VC"tJCity function and doea not dnpend upon |

the viscosity of the ilu:c. Actually, in iu;ly aﬂvelop»d turbulent

flow, the Iriction 00efficient is uonstant cand inanpendpnttof the vje-‘"

comity or Heyno]da law. Unuer theae cirtumatanCes thn xriction losseeZ *

fulfill the Froudian modEL law: ane Lhe head loss aue to frictlon ?ff':‘u

in elther the sodel or the prototype, are proportiona¢ to some ﬂ t

constent k tinea the velocity squared in the respectiVe structure.ij'
The . Reynolds Bumber at which fully a»velopaa turbulance occurs

varies mith the coefficient of rouohnﬂss ol the’ boundarzes.- For




‘rough bounoa.ies; tully daveloped turbulance ~oceurs; at much lower';‘
values of Raynolds nuaber than 1t does when the boundariesuare‘
relatively smooth. In- models of - open channels,\espacially ﬁhobo ot
river beda, it is’ genezally impossible to obtain fu¢lj developed‘”
turbulence throughout the model and dis»repancies between modely?  ;

and- prototype can be expected. A good gennral aﬁreement betueen

model and. prototype can be ehpected 1n opan:channels if the Reynolds"‘;f

numher based on the hyaxaullc r&oiusyi

In models oI closed oonduitl, such ao“the%f:t—pump“fit is
usually possibie to opsrate the model elther at,oa'very near'fully
developed- turbul.nca and obtain resulta, prc71ded thc relati' |

roughness in the mooel 13 proportional ﬁ:;ichharc nearly xuentical

aith the plototype. Thjs Can be accompiished in the modal by inf'fo- o

creasing the heaa to a: point whnr» the inczaasec Veloczty‘gﬂvéa
value of Reynclas mw nbnr‘ Nhit.h iau.s ln t-hs::‘ ran g of iu.i..t.y d“velopnu
turbulsnce. ’ -  ' ‘ e o

The Jat-pump was operateo with Plctotypé heaos part;y becaus;iﬁiﬁ.A

it was desirable to incxease thn valun of hpynolds numbar ana thus';f

obtain nearly fully d579109ua tarbulent tlow: in the:'ritdcal_regiona,',E;T

hovevox, the main reason %as to obtain actual:pxototyp xpreaouras on>
the mocel. The t;ansfez eouations bﬁtween moael;and protothe undar

theso Lonujtlons are: zalateo as’ iollows.f L

G o= Ap Vp but. i is.et,ual to 82, Thbn E2n2v s
Up Az Vg Ap Y T

.

Since Vp is =quai to. 25ﬂl)and,Vm = \I §Hpy, and since Hp = Hu, the

condition that ths acoel and: p:ototype heads Le eguul ‘then.




Q= n2. 2352 or Q?‘= nzqm.

Stace Hp 1o equal to la, 1t follou that ¥, vp.}-mf‘.;;;ﬁ_;;’ E

re;ationahip is obtained from tp 4Vé§2

Since g, and & can be asaumed equnl, it follo's that tp tifi‘bthorfk;fu

relationships can’ be obtained in & similar mnnner, hut;:u tbc rosultaﬁ‘
of the jet-pump,slsts can’ be tranarnrred to prototype Aata -ith tha
aid of equatione alrendy derived it vill be umnaoelaary for pur-;* ‘
pose of this paper to dorive tha rcnainder of the relationahips.

The total prototype diacharge waa fixed at 340 socond-tect.‘
From G, = n%Qy, the diucharge for. 1:10 modsl was’ 3/.0 = 100 Q,, s
3.40 second~-feet. lith Hp equal to Hm 411 prenaurea tbroughnut tﬁo
model were equal to the prototype taluaa.‘ﬁf Tt S ‘

I? - INVESTIGAT103 BI HIDRAULIC IOD!L

Model gggggggction and h gg gojho . Tho guneral urrnnzeacnt
of the model as shown in rigurea 31 and B, laa the aam. for nl; ;; ~h_,

tests. The only changes tere in: the typea of bellnouth cntrunecs, . ;

mixing tubes, and diffuaera tha.t --ra uud m the courle or t.he .

tests, and'the removal of tha cover on tha distribution chanba

when the model was oporated under proportional heads.;""
In the operation of Lhe nodel the high-prasnure or drlving

aater eatered the bronze’ pressure scroll through a 6—1nch, trans—-f

parent, vaned elbow, whence it wae directed to‘the'tr;nsparcnt _

mixing chamber through & bronze nozzle. The suctlon, or d;iven_

water, came from a supply taok and flowed through a 7.2«inch
19




FIGURE 7

A+ Model for testimt with proportionnl heeda

B. Model for testing with prototyps hesda

LODEL ARRANGEMENT SHO'ING SELECTED MIXING TUBE DESICH




dianeter pipe wxhich connected to a transparent elbow leading to the
suction scroll. The flow then anSEd through a. plaBtic elbOW fo the .:i;flk.

suction scroll and then into the mixiné chamber where it combined

with the driving water. The uOMbinEd tlon enterpd the tishatrap
through & shant—mntal diilusar and waE retu:npd by Londuit to the
latoratory system. The‘fish trap, with thu exception of 2 plaatic ﬁ
windows, wes construcztza of 3/16—inuh sheet at~el bacauae 01 the :

pressurz ottaln=d Ly oparatiné tbe moqbl with prototype haade.”:f: 

%hen the model was epnrated w;th pzotat pn heads, the‘fishmtrap
gotes were clesed ana the dist ibution chamber ‘was coverpd as shown
in figare 3B. This. oivertaa the 1sh- trnp 1Low to & uontrolled T7‘f='

8-inch drain in the’ bottom ot the tank making it possible to?regulat° ;J‘:r

the pressure in the uistrjbutlon chamber to coxrasponc to th._equiv-

alent water surfaée expacteu in thc protot}pe structuxe.‘ Sufficient

head was" obtainnd for thn driving water b" connauting'1n series an .

2-inch ana a 12- inch centrii;gal pump' ﬁThb driven‘water %aa supplied ‘

either by one or tno ;—inLh pumps, the usﬁ __*f

then, anpenaea upan the guantity of watwr *na thp head reguired at

the suctisn- Sulﬂli-‘f.. _ ‘
#ith the aruﬂption oi thu taéts nncnssarﬁ to: st;a, thaxwuftu;-‘”ﬁ"

ience in thﬂ tieh tkap, all o: thv t»sts on. the model xere’made fﬁﬂ:w

with prototha heaus ana mouui‘czsgha:ges va cin &u the‘squarn?‘

root of thz'scals ratlo. Tnis mnthcu mgoe 1t posaible to obtain_,

prototype prossuares iﬁ the mocel; and in aualtlon, a0y .eu:lve:rﬁ‘-"j

conditions, sich as Lavitaticn or undeaixabin iiow, werne easil)

aetected.

2i




Due to the ailference in alevation betneen Denver anu Keswick

it was Lonaidered adviaable to usﬂ absolute praasuras inatﬂad of

-gage pressures in ‘the opnration ol the model.-'Thua; withithe‘center' :'3”

lin: of the prototype pump at “lEV&tion 49A 00 and a variation in the[1 7  g

watnr surface of the reservolr: 110m elevation 570 to 585, the driving7 _'ﬁ,n

head on the pump variea i:om Tb to 91 xeet, gage, ox 109 to 124 ieet  .
absolute (atmospharic pleﬁsurr aasumcd toabe 33—ieet of water at

Keswick). Likewise, ‘the. EJLtiOL.heud Vu13»0 110m plus 6 iuet to !]I

minus 9 feat, or a c01respondin5 39 to 2& feet% ‘baolute.: Th° do—"'

livery head was plus 7.0 Leat, gago, or. 40 feet absolut:v”{rﬁéﬁéi:i -
absoluts pressures, rniﬂrr=u to gare at Dﬂnvez, gavu uriQinb ?
of 95.7-feet to-80.7-1eet, uctlon heaas oi plus lO 7 tﬁet to Qinﬁs
4.3 feet, and & delivery head. oi 11, VOtleat.u hhllp tne dliiaréntial
between any two of the threa haaas uoes not vary, the gagP vaiuesw
differ by the difference batwnen thp atxosphorig ﬁ*easurﬂs oi the
two locetions. . |
Plezometers were instailod aﬁ vagnous poiuts, as Bhonn on figuxnﬁ:?

2, to obtain the prassuzas throughout the appa"atus anu to indicatnﬁy.

when & desircad oparatina Londition waa obtainnd)i The suution waterg‘gf_ﬁ_

was suppli=d %o the pump Vid e uiossd t&nk the iloor:ll whiuh was
sevoral feat Lbelow the ﬁante +1na oI the pump.l This mado it poa—
sible to ottaln th- va: ious s'Ltion haads "1tharkbj Var,ing th* watar;
surface in the tank or by putting it anasr pe ~e8SaTe. The heau and B
the riow {roa the noau¢e wWeare. LOHtIDll°0 by tha neea-; ana a thxota -
tling valve. The back prgssu:e on_the.ailluser Wa S reguiated by a

gats valve in the 3-inch drain. This.drain aaé located'in the center

of the esquallizing conduit at the bottos of the fish-trap.




When the zodel nas: te'tﬂd 'iﬁh propochional hcads, the fiah traP o
gates were opeued to- allow part of ‘the ‘fiow’ to aischarge over a ngl ‘IE_'

at the downstreamn end ct the structure.~

initial teBtB. The tasts of the origin&l design fas sho_

figure. 28, were - made ‘on & l:lO scale modelfconstruéted as'khowﬁ‘§n
figare 3. The first tast was: made to utudy?rhe general character -
of the flow through the pump, irom which itlwaa founﬁlihaiftwo  :
vortices 1orm¢a in the suction scroll at the horizonta  céhter;liﬁn
of the puup and axtenaed aownstrsam 1nto the mixing tubé. The vor;; 
tices ware: eliminatad bv insertinw fillars in thn saction acroll
case as shown on - figure 2&, conaequently the contaurfoi the water
passagss upatraam of the ballmouth entraﬂce toxthéﬁmixing tuba wnrp;""
from visual observatlons, Lonsidﬂrﬂd satisiactorj.w;

Tha or1g1na! plototype aesi~n wag: tc dolivnr 340 cubic faaﬁtper:'{f;gﬁ”
g=cond with the noaa;e ? 7 inchna open a head 01 97.4 | o

nozule, with a bacx pressure of 6 O laet at the enu oi the aiffusar

with the Lombination o--h“ads mentioned abOVB.;ﬁt;ngjdf
next test was mace bj aettlng the neeaxﬁ_ft the correct oponln

{C.97-inch) and carafullv adjusting the controls on,the modol until

the stated prototyp° haada xers obtained. Thnn thn preasurna obtained
{roam plezometer taps, lccatnd as shcwn in tigura 2A, nere r000rdad

as were the individual discharges Qg and HN




The dlscharge Gy was: vary near the - expactad valua, 0’895“lecond— ‘ ¢5‘

feet as. compared with: the computed Valua of 0. 85 aecond feet, but the “:;:
actuel Qg waa Onlg 0 DL& aecond laet 1nataad of the anticipated R s
2.55 aeconu-inet. From thia, it appearad that tha deaign wa _inﬁerror.loa
As an additional check, another teat was made withfthe diacharge and .

suction heads adjusted to valuee such that bhe pump would'actually
deljver tna designed QN ana Qa' Tbe piezometrlc praaaurea obtained 5
were then plotted as ahown on figure A, on the same acale aa were .
the preasuraa c°mputed by tha assigno action.h Again it uas apparent
that there muat hav~ ‘baen ‘an. erroneoua;aaaumption 1n the deaign,
tor in addition to tha prnsauros rot orresponding to the:computed.
vaiues, the chavastn~1stice aof thﬂ two uurv=s ‘ware dlssiﬁ

In oiaw ot-these "°su1ta it was deoidau to mak; anothef‘feat.‘?f .

with a shortened. mixing tube- and ! more etficient uiifuaer : : ;
<B. Tha tests on: this aesign Here Londucted with a conatant hE&d:t,uﬁ;;

of 37. A feet, saga, on the nozzle and uith a varisty of auction and

dischargs heads. Dif[erent combinations oL suctlon and discharg  };._-L- o

heads in Combination aith a conatant driving head produced the
desired vaoiety of pumpinv ratios.: :ol thls arrangam;nt and design ‘€i tw'
heads Qy was O. n93 secondmfeet and QB aas 0. D aﬁcoad-faet uhich ‘
was an imprcvenent ovnr tha original deaz;n but waa r%ill far frmn
ths anticipat a’ periormance.u Furthar teating shonad thaﬁ when the

back prasaure hd was set at 3. 19 Lent gag“ :with an hs of~3 15 Peet,

gags, the puaping ratio QS/QN bauame .ﬁﬁ or 3. ThlB waB & differen—”1
. DW85 ’
tia) pumping head of 6.34 feet as c:ompeuerl to 5 22 iset tar.a’ aimilar

fios in the original desiga. lii & lixe manner the pumping ;atio
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'bhat there wmas an. 1nc1~easn in pressurnx
‘mixing tube to-
rapid‘dacreaSe

drical section.

‘ed at th= point of maximum preaaure.

Th= data. pertaining to pumyinﬁ heads_and 'ixing ratlos, secared

durinb the initlal tﬂsts, 1ndicatec}that<the;3 l pumping ratio Ias 1
unattainablﬂ with the u*flerential pumping bead dea:gnﬁte in the
design because the revised des:gn of iiguxe 2B whlcn waa nfficient
aCLOPdin” to the prasent stanuards oi jﬂt—paapa,.qlu not approach.thﬂ .
optimua of the. desian. ‘ - o |
In accordance with thegs findings, nnd with the aid of data

s2cur2d from the tﬂsts, a new mixing tube and diffuser wers °volvaa, -




ifigure BB, which w88 to have a 2il mixing ratio nt the matimum dif—  ‘§f?"

a

;,the

T

=f=rential pumping heaﬂ and ‘8 conatant 1ncrease 1n pvesaure from

.beginning of ‘the- mixina chamber to the end of the diffuse
Tents of 2:1 miting ragio aesigg"

fuger were. uonst:uctea as shoan 1n figurng

The mixing'tube and‘ h dif—tlﬂgﬁ,‘” 

2c. The tranaition to he

similar to: thosn pznviously mad» ‘ares. shown n;figu

this test, 1t is interesting 4o, note that he:constan
prnssure expactpd in the mixing tubn uas §

Other teats were. perfrrmed with dif'

fauction scroll. “The rnaulta of thn tegts:ar=3khonn on- figuraa'SB

and 6 which. show. that there was no’ 1n,rnaaod eii!uien»y.; T:” o
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vary with the amount of watﬂr pnsaing the turbineu and ths quantity
being released downstream fo. irrigation purposea., Thaaﬂ‘twu fac-: |
fors directly affected the pariormanue ui the Jeb-pumpfbacauae u ‘
fluctuation in ‘the raaervoir level will change the driving head at
the nozzle and a variation in tailwater elevation will inurease orﬂy'ﬁlg
decreass the total lift of the driven watﬂr. The feauibility )

dnsign depended upon delivery by the jet—pump oi the required quan¢f   o

tity of water to the iiah~trap ior any combination oi headn reaulting "i

from the operation of the: dam and the turbinea.
lh

To study the pnrforman;a and to obtain the operating character_._,;g

istics over the range of heada expected, 10ur Bériag of t°ata uere  m{,;;,

made on the model ahnreby the dincharge heaq hd waa held nearlLkhon-.7 f”'

atant at 40 {eet, abaolute, and in anj one aeries the driving »ead ';"
#a8 held conatant and “the needle position and Buction;hea‘ variadw;

until a total discharg= o 3.40 second faet’ as. obtainad.. Obvioualy;»

~ could be obtained.f To fauilitate teating, fou

betwzen 39 feet and 24 feet, abaolute, were seéected far‘each s#riaa f ::? -

of tests. The needle poaition wns varied in ea»h teat until the

correct total ditcharge, oz the maximum obtainable, naa obtainea
~ with the perticular driving head.‘ The raaulta or thene tests, along 5f'r
with the pressures-in ‘the mixing tube, are. aho-n in figuraa SC D |
and E. From thesevbeata”it a8 evidentuthat_the‘required ¢isqbarge

of 3.40 second<fest, in combiaation with the higher 1ifts, was beyond

the capacity of the pump.




The correct diucharge and. a daaign for the prototypa were ob—‘
‘tained from the m°d91 by CDnsidering its geometric dimensiona to a jT-

cale ratio other . thun the 1: 10 uaed herato.fore.= The new scal

ratio of 111, 5 was determined irom the laus of aimilitude and he;5f¢L 

data shomn 'in fi-ure SE teat C4. .

The pump . characteriltics and therperformance cﬁrres”bbta .
from ‘the 1110 acaxe teuts were not applicable to therlzll;: ratio,if;LI"
‘80 this information waa obtained frnm a new aeriee of telts.i The |
‘results are ghown in figurea 5F and 6 which show ﬁhat there uas an J
‘iaprovenent jn the perto mance, probablf due to tha Iact that the
lnew discharge uaused a-new. needle setting 1or eauh Buction head
thus changing the ratio oI tha diameters of the driving and tho

driven jets: to a value more compatible with thehphanomﬂnon of

Space limitationa at the prototype instailation mnde it in»lltﬁv“:"ﬁﬁu

practlcal to use a: acale ratio larger than l:ll 5, honever, other“:
-testa ‘were made to determine the performance with acale ratiouwrfi
10.6, 12.3, and 15. 1. “The results, as. shown on- figure 5, i“di ated.
an improvement 1n nfficiency oVer the ﬁxlo ratio for the‘io.o and t

12.~ model ecales, but & marked decreaae in performance fo‘,the

15.1 ratio. The cause oi the decraase ia not Llearly unoerstoou,rtﬂrff:»’ s

however, it might hawe been the reault of passing to 8. regian where S

the ratios of Jet. dinmetars were unfavorable Lor good efiiciency
with the range of pumpins heads used in the test. B
Teata wdth_grqgg:tional heads. The model a5 originally de—

_signed »ag euuipped with a cylinder gate at the end of the diffuaer




figure 24, to facilitate priming or the pump._,reats*thn%thtawgase'

and uith the model operating under proportional heads showad that

was as follows: The B-inuh discharge line from the modeljuaa'closed

weir in the fish—trap.- Then' the needle naa openeu l/lﬁ-inch

model, allowing a very anall Jet to iasue from the nozzle and'to

fill the fiah—trap gradua_ly uith a minimum oﬂ‘iplash.‘ The rate'at 1153

which the fiah-trap can be fillea to the prope; levaL ia governed

entirely by the amount of 5plash that can be toleratad.= When the : ~.m

water depth in the distribution chamber hecame aufiicinnt to aeal
tha end of the diffuser, a Jump formed in the mixing‘tube, thereby
causing the pump to prime._ “The flon frnm the no"zle ﬁsAthen jn-.e ‘
creased, and, when a sutiici_nt vacuum formeu, due¥t'ﬁth°uincfease; .
the driven -atar began to fiow through the pump. - .

The pximinb naj be accompiishea in thn prototype atructureng”

closing the fish laduer gates and allowlng a amall Ilow from the"lﬁff@”

nozzle to fill the fiah—tznp to elevation 497.3.: ﬁhen tha nater f”;f{}i‘ §

_raaeheu tbi; elevation, the flow from the nozzle wil; form e Jump _"‘
‘1n the mixing tube but will not craate a aufliciant vacuum to pump

;ulter. By 1ncreasing the rlow from the nozzle re sufficien* vacuum

ﬁwill be created in ‘the suction scroll to allow mhe tailwater to rise _ H"

1n the puap: and flo' iutn the linhptrap.‘rﬁch




The final testa, to. deteruine ifftha diacharge emitting from ifiiﬁ*'}
the diffuaer produued any adverae ilow uondihiona in the diatribution t._f.
chamber or the fish-trap, lhoued that flow in the fiah-trap wnuft'ﬂ' B
aatiaiactory, uhereaa tbe flow in the diatribution uhamher ﬁaasvery S
turbulent, and that objectionuble splash occurred when the Jat rrom o
the diffuser iapinged on the oppoding-wnll of the diatribﬁti wf '
To remedy this condition, aeveral sizea of nemicircular baffleu wire‘ -
tested, the most uatisfactory one ‘besng that‘ahown o trf”re C.

eliminated the Bplash and . minimized 4.:.?13''t.urhul‘em:e.-,ran."‘-"'L

The final design 88 1t -111 be conatructed in the field 8 nhannllq‘

-on flgure 7, where. only the dimensions of the,Waterépa Bagea
ﬂhomo Ther‘e 418 some’ V&I‘iation from tha de-ip" ,- ;

~which probably will: reflect ‘in the operation of the pr' t3

alxaia of the results. rhe Jetupump charaiteriutius can*be oh

analyzed from & powar input viewpoint if the etperimental data c;n—l
_;_cerning the apparatus ia available*g The method*is _ikiw” : H” |

The . input of, power in ioot—pounds through tha inﬁer:annular nozzlﬂ

18 Qu'YHp and through the. outer noszle Qg Yﬂs-,_ The power Vat. :he' A
exit is (Qy + Q,)ﬂd “The. power balance thgﬁfbécomes ' e

Qg Yy + Qg YH (QN + Q )‘rﬂd + power loas. ‘,'ﬁj-
1f the- power losu is ussumed to be - S

-and 1t 18 further aaaumed that'- cA

Ky =Ky = A,‘:
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then the power balance becomes

Gy Hy + Qg Hg = (ﬂwcs) Hdu(cu _n2+ Qs_?._)

I€ A is a knomn. conetant the aolution 13 a8 follows" Fpo@gtha‘i B

preceding equation

c'N VN HN M 8s vB HB MH ""—'- 8 %ﬂ... - 8q '?N Hd"‘lsvaﬂd.

sV, \P' “ X A
1 + Ky :

\IZg (HS -'X
1+ Kg

the equation‘becﬁméﬁ

s -

(HN - x)3/2

(1 + LN)3/2J

Cay a0 ] (u < x)3/2»" o .....(1)”-”
ay (1 + K )3/ g R

b

where x is the preneure acrosa the plane oi the nozzle.

fFrom the four’ tests conaucteu with the needle removed from the

nozzle, an average value of A egual to O 703 was determined. The;;;. i

values varied bntween 0. 674 und 0 735, b»ing O 674 for HN‘* 81.44,;,

0.702 for Hy = 86.39; O. 707 for Hu = 91 3¢, and o. 735 for HN 96 34. i

By substituting the vaiues xN = 0.42, xs o 031 A - 0, '70:, :
By = 9i.34, Hg = 12.04, and Hg + 0. .08 .mt.o equation (1 ), and

solving it graphically, gave x = -7-73_which,.wncn‘subat;tuted_into

the equations Gy = ay \| 2g(Hy— x) and (g = ag \]2g(Hg X)
\}mr | 1+ Kg




gave {y ='l;238-agdinst‘a‘l;ZL,Tmeaauréd' and-QB-=:2‘162'againit:
2.16, asasured. The computation was. made acroaa the plane of tbe
beginning of the’ niting tube, and it waa aasumed that the arsa oi
the driviag jet at the, point was equal to thﬂ area at the end of the ip;

The cniaf diificulty with thia mathod of approach lins in deter— t
mining the smpirica.i coelficiant'ﬁ;} lts valuﬂywill vary with the ‘?"f
type of nozzle, langth of mixing tub _JH‘.;  f fiusnr, the ratlo'f x¥
of the diameter of the mixing tube to th»_nozzl" .djlamet.er, and. t.he A
head on the nozzle and: auction linea.- lt can b= datermined accur-  'H‘
rately only by testing oh . actual inatallation.” The close aarpement L
obtained with this mcthod LEER dup to using coefficlents daterninﬂd f‘
from the tests. - | S ‘

A aore satisfactory soxutlon to‘theuj=t~pump problnmhéén bﬂll‘
obtained by equating tha enorby re;ationa axisting in thﬁ‘aﬂrang ﬁent;;
The basic ecuations are | S n : i

Hy = _';e:f (1+ g Y

= Fa v (1 + %)
¥ o
sz = Hd +. Kd i)
2

Ag Vg

)

) .
Ay-Vy) SRR

)

)

At Vt)
The energy loss per unit of time in & aixing tube with parallel " 5
sides as given by Lorenz5 is

L=y (G — V)2 + Qg (Vg — Vg)?
2g 2E




The loes of energy due to frictional reslatanup of the boundariea in :
the mixing tube is approximately . |
Ke Y Qg !i_ S
whers Ky is a rnaistance factor computed in;the aame manner aé for :
{low in a uonve:ging tube.. The loss of energy_in the diffuser ia ex~hi
pressed as | | ‘ : ;
YKq Qp V_z_t,_
2z

Equating the power supplied by the nozzlaito the sun- or the work" o

done per second and the triction and shock losses gives

2
QN(HN"“'Hd)‘Qa(Hd—- Hs)+KNQNvN+K QV

Ryt Kt)QT t + QN (

Hearranging =quation’ (6) gives
. atl gt

Hy — Hg = Gg v 26 .. e

He Qg  Hy — Hg =~

+ (vg -\v£)2-+ Gg (Vg - Ved%e o v e i e . (9)
N




gubtracting equation (7)_rrqm‘equation‘(6)}§ndacoll§cting terms,

glves

Hy — Hg = c.Nv2 +‘~"mﬁm72u (1+&
T (QN TG

Substituting this in equation (8) gives f_if7f“*=.*!an

Hy — Ha = Qg ff"."‘ (S Qs) B

Hy — Hg Gy QH[ y B4R — @
In these equations the basic asaumptions‘are‘ihat theﬁmixing tcbethaaa B
parallel . sides, the area coefficient of the nozzlc{ ’ ' he
nozzie velocity is the &varage velocity at ths vana contractc and .
the mixing is completa or nearly so, at the thrcat. The nozzle ff
coafficient KN ia a velocity coefficieut, K and Kt ars fricticn ;i‘ul'
costficients based on the throat velocity.; Kt is obtained by cam—
puting the friction losa in: tne mixing tube irom the ordinary. -
friction ecuation ' | ' | i

=f L 92
D ‘2g

and e.qunting this to &t Vo
28 -

1f the sides of the mixir.g tube are, p&.‘-“allel, Kt 18 equa-l-\11_,“‘0'_1-;‘:;_'!.__“_‘_. _
R is obtained by equ&ting all of the diiiuse: ,.Z'osacc to xd”"z' i
solving r°r:'Kd'- Ky is & Lriction coeiiicient repre;ecting ai% aful

the losses in'the-auction‘line.‘ 1t is baaed on’ VB at thc uPBtre&m'

end of the amixing tube. 11 the no"zle has an area coofiicient the o
VN.and Ay refer to the ccnditiona existing at the vena contracta. and_5 L

Ay 18 the area of the ring*aurrounuing the vena Contracta._




As esuation (L) is not nntixnl; correct lor a Jnt-pamp having
a converging mixing chamber'(the energy losslnquation (La) appliast"tj“
to & mi.inn tubn with parali l siaes), g gompafzaon oi thu tﬂatmff ': 
results to the rosults uomputﬂd irom ncuation (10) naa maue to f
deternine it a sultable agreument Louid be obtainea._ from tﬂsbmmé:ﬂT 
where the.naeale-uas 1emovad lxom the nozzle, the tcst uata (UL asJ
follows: | ‘ | . o

\cs"

f

=N

The velccitizs obtained [roa e uation {o)omere o T

Vg = 72l
Vi = 35.63
Vg = 20. 70 .
avazabe v-iocity ab nha vena cont;acta ot the
valocztf 01 tho=suction Llow in: he a*ea sucrounding ﬁhe‘;,-‘
vena contracta -at thp beginnm5 oi the mixﬁng chamﬂer._ The a@tual
arsa at the end of thn nOaula ras 0 018A9 s&uap§fl b
efficient of areae euual to 0. 943, thﬂ area of the‘vona lontfdcta;.'}'
as O.ul?A. Subtxactinb this area ilom the area of mi41nb Lhambef‘&;
at the upatrgam end gave‘A ~equal to O 1034 ﬂauare fept._ At was .
equal to 0.0907 suare feet. The computeu irictlon coef!iuienta n»re
Kg = 0.062 | L

Kg = 0.126




—_ 1. iSubéfitﬁﬁinétﬁbepé-'qlﬁ55 iﬁt0 §Q9ﬁfi0?H(1Q)

| HN — Hd =6, LB
Hd — H P

against ‘the. test vulue of 1.09, or approxim't'

iation. The: reeults of other tests did not ary. more than 6 percent :';;lf

from the values obt&ined irom eguation (10) ;fhe percentabe oi var__‘ :
iation from the BCtdal probabl; anies iith“thegamountyof ﬂiVergenge?.]‘
or convergence of t”” mili“s tube. However;‘no #ttempt as,made to .
determine this jn thu tast PFOgram.gi&ﬂ;“ TN A
As a check on the aucuracy of tha‘original deaign tﬁ Ha;§q§%§f ‘f 

constants

= 0.1278

were substituted in ecuaticn (6) along with the deaign heada. f;?flej"

ecuation was then reauued to the form

37,39 Qg3 + 117,95 Q2 + 1705.59 G — 35.64 = 0




which gave Gg = 0.02] cublc. feet pnr ‘g2cond. As’ th= -uution flow in k

the model unger - thesn conuit:ons, was BO ¢ amal; 1t would not reaistar-

an accurate x:aainb on tne Lonncntea metering Bjatem,“

be statea that a ‘Bood abreement was obtainen.l Howevex, the resulta

are significant whnn it is rnali?ed that acvording to'th ?design thﬂ .
model suction Llow should have been 2 b) SECOnd 1eet under th° tnat

Lcnditions. _

Length ol the mixing;tub~ Ecuation (10) does not Lontain any

terms which refar to tha mixing length nor nas there any attenpt, in

this stuay, to esthb‘nsh or VELilJ 8 theo;y concerning this phenomena

"The data avaiiatxa in ‘iteraturp hav=‘bnenttaken for thc simpler
cagses of turbulzant 1 om, namely,buasns oi wallib*und turbulnnua such as’“

{low in LonvewinB or o1v»zbiﬁ sectlons, 01 p&f&llel flow ana zren‘

dischargs ol a j:t intv a (rza lluld vhlch is Lraﬁl urbﬂL"ﬂCE.Lglt

has Leen lound.in. iui;y‘u»vulopﬂu wall bouno tqrbuAPnue that the
aixing 1ength (L) is som= lunntlon oi a alatance (y) rom the S

boundary. The Lunction 15 uﬂpenaent on the Lonvnzgenne or divergencej“’ 

of the jet but is 1nqepandent o“the diatanup (x) along the axis of

the stream. ln a free Jet {L) is 1ndepenaent of (v) bat proportion—

al to (x}.

Many practical probiems such as. the Jnt‘pump‘involve‘a‘ccmbin-ki‘wf&
ation of wall- Lound ano ireﬂ turhulence. The chazautnrjstics 01 the
two types of . turbulenuﬂ are distinctiy ditiexent anu the Lombjned 7 _E
characteristics are uzllicult or: impossible to prediut.- e

To illustrate the mizing process, a smail guantlby ci air wnu

sdmitted to the ariving j2t during thg;operation_of the pqu, and



photographs, bigu1= 3, were taken of the disp~rsion of the air. W
They indicats the angle oi aiIIusion ol the uriving ' t and- that theL{ 
pixing was compls sted butoze thc flOﬁ zeacheu the and of thu mixing f:fwx..
tube, Figure G- illuat:atﬂs thn sheaxing antion batﬂeen tha innoz i
and the cuter jets duxiub uhe mixing pxoness. l |

In the tests it appnareu that a mixing tube, 12 ariving—jet
diameters in length was. sufiigient, An inuzease oi this ratio-we-
duced the over-all eiziaiency.“. | .

Cavitatibn'in thé miiing tubé. It is gnner&lly auceptpd theorv.fﬂ'

that cavitation in-an’ hydzaulic pasaage occura only when the~”t%

sure at some point nithin it apu:oauhﬂs or reauhus tho:'

of wate: which woule haVV to ealst somewherEfln th; npparatus before f *
damage could occu;.' Usually, inteszetation of the pxeasur» uata ‘
obtalnee in th¢ mod2l-i8 ba51u upon th:s uoncept.;;:L ‘_-

When the pL¢5841~ at & point xa&ls bwlow tna.Qépox pxesaure; g
masses of vapor axe ioxmnu ana +hpy aove alonbgwith:the stzeam._*Aa ;
th: vapor masses reaLh a seation‘ﬁhera the Leﬁsﬁze%is:ahove the I
vapor prsssure, the masaes collapse, produci‘gaa sharp, metaliic'ff 
craualinﬁ b&lled urapltation. By BO. doing‘phey;giVE rlae to prea;;;

gures of great intensity. lf the Aution takesanace in close pxox~59

imity to the sides. of bhn water pasaabe, particles ol‘thﬂ 510“8, r°:5 fi"

~racualxy torn away. If thn pxoueas is a lonnu to LOﬂtiﬂU“‘LOIj
sufficient period,or tim y: uomplsta‘a‘aintegration ot aidbu wi1l ra-‘l
sult. Usually, the phenomenon -s au° to the bounaary geomﬂtzy which o
causqs & lom-pressure. uone thgt‘can bg detectedabyapiegqmetersxplaCed E

at stra“,éic'pointe;




A. Nozzls discharge 1.05 nec. Tt.-velocity npprox. 60 feat per ssc.
driven flow 1.85 sec. Tt.

8., MNozzle discharge 0,9]1 nec. ft.-veolocity approx. 80 feot per sec,
driven flow 0.60 aesc. rt.

€. View showing inner and cuter mixipg cones

EYPANSION OF DRIVING JET







in the Jat—pump miA;ag tube, cavitation phanomenon vas iuaiuated

by aharp, metallic urauk*inh_eounqs and by 8 movement ot thn mixing— ‘T

tube walls sim:lax to that which ia telt ‘when the’ fingera are placed

on one 8lae ol tne thin plate, the. opposite aide of which 1a‘stvuck

a sharp tlow sith a shas p instrumant. The cavitation ﬂhluh waa tak-

ing place was not 1ndiuated by the pi»zonebezs, n01 nas it poasible

to locate a polnt wherse the piezom3triu pressulee showédﬁa presaure

nea: tha2 vapor pressure oi water. The only explanation o! the occux—j'

reuce of the uavitation appears in I;aure 9. When two jets of ditier

o

ent velocities combine, the mlAinb is: accompanieu bj 4. shearing forca » 

betwsen the tuc Jets which cauaes thn vortices shonn in zigure 9

The rapic rotation ot th‘ Vcltlups wi L:aatr a lo pressure at the~“

center of "otation. W¥hen this occurs in ‘s region whern the averags
pressure in the fluld is bﬂ;ou atmospheric, it is conceivablﬂ that

the whirling of the nndividua‘ vorticea noulu reduce tha preasurP at

theiz centers: suffinzentiy to cause a small vapor'pocket to

As the speed of rotation ot tha vortem reduced or aa it‘moved'tolﬁ-'

a region of high°1 prnssure, the vapor mass co‘zapsed, causing.the
crackling sound. ﬁhen the collapas ocuuxreu at or near the mlxing;’
tube walls, it seems probablﬂ thnt the Loroﬂ sas aufiicient to cause
the wmovearnt that Was aeteuted whan p;acing the 1ingers on the side.

oi the tube,

Although thlB t pe of cavitation has 1ittlp ii any, effect on

the aversge pt~ssuze 1n the ‘Luid its uest:uctive aution 15 Just as 3 

sevare as that raaultln& lzom a boundary gondition. If a suitabl»'

piEEOELQCtFiu prpaauxe probe and an. osc;llog:aph had: bﬂen availabla

it would have bzen poesible to verify the cavitation occurring in tha‘

fluid.

e R e




cavitation due to oth i3 cauaws can ba expoutnu 1n a JPtupump il
the distance through whiuh thc natﬂ: 15 littﬂd ba“omas autficihntly
great to causa the prnssure acrosa thu plane oi thﬂ no*zle to reach
the vapor pressure. Thia conaition can alac be obtainnd with vela-;.:l

tively low litte i1 the head on th# nozzlefjs high and the Lack

pressure on the mixing tuba ia relatively small Iu‘either uase thP]j;.: f§

condition of vepor. presaure across tha plane

h noZzle limits “5 u;t'
the amount of #ater that can be pumpea undnz il P
The cavitating pr;ssures que to thele causeaacaﬁsﬁ? éliminatﬂd!by

proper design, or by Juaiuious stuay to detarmine the propex‘ele-ﬁg;“

vation of the pump.

Jet—pump efficiency. Four. possible methoas of Computing the

efliciency giva uiffe1ent results. On t.ha baais oi total ennrgv 1nto

the pump and out irom it.

E= (g + ¢ v.Hf"=
by HN t g h

This diificulty can pe rnmedied by chooaing tha Eentér ine:of the
punp as the datun in all- inatancea. The sncond mathod which mazea‘f
us¢ _of the total energy used nnd the work aone has a single value
regerdless of the datum. plgne.u o

The expression is E ﬁ'QS(Hd — 8) e e .‘. el e (12)
Ly (Ay —Hy) -




The third methnd aaauméa the daeful-iark done 18 equal to ths total

amount of water Q dalivered between the differential pumping heads.

Thy axpreasion o Qt (Hd‘__; 51 ,_,;"

(1ﬁ‘3) |
QN (HN — Hd) e

is alao of single valuﬂ ierBchtiVu of the datum plane.

expression 15 probably Bove. 1nnicativn whnn pumpingrcobts arn being o

conaidered than are tho two pr"vious equations. Ehuation (13) 13

cognizant ot the fact that water is bwknb aelivared to eoma point

and, while the work done is oniy Qs (Hd-——— H the amount of water "

available at Hd is not Q but CT'“'-‘G

A bettez understanding of the efiiciency of the jet pump can
be obtained hy comparing its parrormancea with a mctor—arIVEn Lnn~3 '
trifugal pump operating unde: the aame conditions.u If the source
ol energy for an electrically d:iven centrlfubai pump is nater powé?ifil?
and 340 cublc feet per Secohd are to be. pumpeu through a lift of 16hlz; .

feet, as I1s tha case in the Keawick arrangement, then: i,“__‘

340 x 16 x 62.40 = 617.21 hp., ia the amount oi enﬂrgy which must
550

be available in the discharge line oiﬁ‘hn pump Ii the over~all

efficiency of the pump and the aotox iB 70 percant anu the over—all

efficlency of the Alcctrica4 supply is 73 petcant tnen the horsepower

that must be availatlie ‘at the tuxb:nv runnﬁl 15 017 20 5;
: . 0704075 S
1,175.80 hp., which is equal to the ﬁ&ter pox r that must be arai]-; ;

able te operate hEFCentrilugaL pump. Una~x tha amne conditions,_f - f-~
the Kesnick Jnt-pump w1ll cousune nater that cou_a otherwise be ased

for power at the rate of ;13 cubjc feet p=r sebona unuer an Bc-foot

head. This flow represents 1,102.55 hozsﬂpower as, Lomparea to

1,175.60 horsepower lor the centritugal purp.




The fourth method ot computing tne ef!icienc) and one which 15
used in Bureau of ﬂeclamation deaigna haa the iorm ff5ﬁ‘?:h

E=Hy — He'(1+ Qa)‘.‘.:i‘. Sheeds (14)

Thia euuation is alao lultivalued depanaing on the datum uaed Lor com— o

puting the affiuinncy. uoweVﬂr, AL the center linn of the pump ia
used as tha datum compatible reuults are obtaineu.,,lV‘

Vl - PRELIMINARI DFSIGN

4 msthod for determining a Ereliminary deaigg :NTHéﬁin;ébfi;:'f‘ ;

getion thua far has not prnaented an approach to tbe problem of

designing a Jﬂt-pump.' Th*a Bection oi thu rsport will deal chiefly '

with & method for determining a: prnliminary aesign and gives a means .‘ B

of determining if a Jet—pump is applicuble to a particular 1nstalla—
tion. The m=thod ia Lasnd on thp momentum th»orem anu the rnsulta
obtained are genara; aid app¢y to any jet—pump if the proper loases

are included.

The method 18 workeﬁ out oo the asswnption of . mixing undar con- Co

atant pressure for aimplification of the Lompuratione. This aaaump—H =
tion will not azfect the acuuracy of thﬂ results or rpduce them to a.:'.
specific case as will be: aho wn lat-r. Dn this basis, the various
momentumn relationships ares ﬁo"zle momentum Qn Vn, uuction ilow
momentun = Gy Vg &nd the mixing tube. momentum at the throat ie _
(G + GQg) Vt‘ Since V¢ is cqual to the average veloc ty at the   ‘f ;
throat, % becomee'ggg + ggl and the mompntum at the throat ﬂqﬁéls
(Gn + Qs)2° * | |
Ay




Since the momeatum thnorem may ba expressad in words as 1ollows:

1f a closed bouuua:y 15 fixad inie moving Iiuid the geomntrical

Bwa ol the momenta c:cssing thb bounuaries per unit of timn, equale

the geomatrical sum of th,,iolcas acting on the fluio ﬂithin the

boundary . The. uireutiona ol the mom‘nta ahould be taxen in the

direction of {low where: thn tluid 4eavea the bcundarv and opposit; ’”:wg;

to the dirsction of: 110# wher» the fluiu ;  e ey e

equation of mot:an in tha mi;ing tube; ncgiﬂ
(g, * ¢, )2 - S V Q V -  £At‘Y2' ‘i‘?f:; € '

Since anixing was assumaq to ocuur at uonsbant p.eésuze P ~;df£ = P

and the eguation aay be written e

vs [(A + AB) Fa At +. 2mar] i

The guantity inside the brackets on the right side ot tho eguation
becomes zero for mixlnb undn: Lonstant pxnsaur g, and the equation ﬁ I

reduces to (Q + G )< - Qn n‘ Q V
By letting V, = Qn‘nnd V Ns! substitutip"faﬁdiqimpliﬁyihg,*thg ‘
zquation 18 reduced to '

2 (ay - 1)+ Qs2 (At - t)‘—-zce
An = Ag L o e e e
Equation 15 Lontazns dirpctlj the ar a ot the noayle jet tbﬂ a*ea cf.

the suction jet, and tne throat axaa.. Both Hn and Hs ar» 1ndireutly o
containea in {g. 'Hg does not ertnl the equation aither uirecﬁly or
indiractly. 1ts valu2 was taksn ‘as Vtz with fall zecovury aaaumnd .

. Zg .
in the giffuser. ror the cas2 of no lossﬂa H was taken syual to

Ve 2 plus or ainus the dataa chosen for the ;onstant mlxin: pznssura.
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With the nquabion (15) as-a basia and an assumed conatant mixingv"‘

pressure of" atmospharic pressure (anj other pressure caald have been -

ftaken), the curve of nf!iciencj versus T ”*fﬁU-forrzero_lossea; 

‘\i?ﬂng',

figure 10, was computed as‘folldﬁs° Ah was taken as 0 lO square f'

taet aith - = 0.80 and valioua oombinations o[ A &na'm:“
values were substituted in. eguation (l;) and QB nas qetarminnd

With A, G O Qt, and A known it was poasible to canpub*'H“ fﬂﬁj”

ny o

and Hge This when substituted in‘the‘elf;cienpy._ﬁugt;qn:}lag AT
Hy — H ' L e
24T 7B (L - Q)
o %
gave an eiiiciancy value xor thF Lombination of areaa LhOBBD- BV5
holding &y Ay &nd Ay constant, varying A ana repeatin& tha DIOCPSB_‘_

it was possible to obteln a curve of nftitienc, against the ratio?ff-

Ay froz which it mas poselbie to selett an’ areaﬂcombination which:‘

gave the aaximum niiiciency for the pﬁrticular thzoat ar;aﬂ nozdlpE 
area and discharge selectad. Thia in turn gave a point on the nr-f:“‘
{iciency curve c{ zero loas on figuxo 10. Thjs pzo"ess 85 rnpeatnd:
until the complet= e i iénuy uurve on Iigure 10 wae obtalned;” The

corresponding zatlc of QB/Qn wES! plottsd o’ thﬂ same ahnet. The

two curves thus obtained 11;1 Eive ‘the. maximum afiici_ncy obtainable E fﬂ

8g wal¢ as the l&timum ratio Qs/Qn obtainabla tor a cortain uolbin&—.isz
tien of Hy == Hy f{or any Jetepump charnless;Oanhetherrthe mixiqg;_:
tuke has pa;allel-sides or whether thﬁy ars COHVPIging or diVerging.j

This ie apparent {rom a close examination of the momeatum e.uation
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PRELIMINARY JET PUMP DESIGN

EFFICIENCY AND DISCHARGE GURVES




mixing tube 1l equal to bhe nomentum lear g‘and the afficiancy 153;!1*

st e mnximum tor the. particular deﬂisn- If & tube ia deaisnadﬁtor1f C 
mixing under Variahle Prﬂﬁiﬂre the chldge in momentum ia converted iE{7¢
to pressure and the pumping efficiency rfll be the same 85 for f& f f

mixjng under constant prelBure, Provided variable mixing preaaure.5"‘“.

design bas been proparly proportioned. It‘sbauld be emphaaized at_ e

thise point that if a jet—pump 18 properly'proportioned‘”t;will per-?fl*}”:
form at maxizwm efriciency only nt the combination dfrheadav,or

*hich 1t was designed. Any variation of tb.u Hd, un or n from tha

. deaigned value wil1 reduce the effiuiency of any jat-pump design‘;f

Likewise, a mixing tuba deaigned for mixing at constant presaur”

will perform in this manner only at the heads and disuhargea for&_g

which it was deligned. Any variation of hnad will cause mixing¥to

Ta occur at vaciable preaaures and lower exiicienc ns
] f

The efLiquncy curve. and the Lorreeponding Lurve oi QB/Q for
%ero losses, is not appliuablv-to a ueaign., lt ia usefui in thut it:
shows an optimum condition and can’ be ueed to show tbe reouction 1n |
efticisncy causnd by various lousea in a Jet—pump.r To. illuatrat» the‘
effact on the efficiency another curve ‘is snawn on.figurn lO ahere {4"
the nozzle velocity coeffinient was' taken ae 0 975, the coeiiicient -
of the alffuser as 0. 9;, and zero. 1055»5 in the mix1n5 tub ]Ihi f"}'

gensral, thie had tbe effevt of reducing the pump efficiancy approx—

. imately 5 percent. The curve *as COmputed in tne same manner as was



the one for zero. lusaea, except that “d was baken equnl to 0. 94 vt?,

Ho = 1 Vg2, and H, = 1.07 \ts2 m t.he efficiancy eqmuon. ' -;: _;:j o
Cy CR 28 SR zg * e I L

The value of 1'b7 V' made:uome allowanca ior frictionaﬁ;wh‘
entrnnce loases in the auution 1ine.. The efiect of_tha;e‘lo‘:?‘”

on the pumping ratio 4,/Qn waa more pronouncud at lnw Valuea or w€ fﬁﬂT:-

Bd = Hs , mnich ip an 1ndication that the actual ulue of the
pumping ratio in this region will be difficult to pradigt hacauae of L

the uncertainty of the pump lonsea.-_,in £ S

For comparison with theae curvjf  u:f;f “tgate of the Bf lta‘fkf;
and Grand Coulee Jetnpumps havs al§H been.plotted on figure 10 B
Through the range tor wh:ch the teata'nain conductea, tha”Shaatap;f "
puaps show & reduction in pilicienﬁyloi_approximately 13:perééutfff:l'

below the zero triutiou *oas eiiiciency."?he Grand Coulee pumpsﬂi3 i

./[,v.‘

show & further reduction in efi:uienuy, hQNEVer, thia probablv was e
due to the fact that ‘the pumps ware not opsratgd at’ _ho“pofnt oL
peak efficlency for thﬂ particular head available’ahﬁ’hﬁ=§?FE?ofq“f i

testing.

1n addition to the prEV1oualy mentioned curVea f Higure 10 two‘  )

preliminary design curves have baen plotted for uae\in etérnlning
the feasifility of a jet~pump for a particular inatallation.f They
ar= bas=d on evuation (lO) with the aadition of losaaﬂ reaulting from;: '
& Cy of the nozzle equal to O. 9;, a difiuaer e;liciency of o. 95, and : 5

z:zution 408828 in the mixin tubs. Tha curvee nearly coinciae nith

th~ Shasta {isld teste and agree-closelyixith the model teéta. They




are 1ntandud to be used an iol;onu: Fith a auution lift H, of & feet
a delivexy head Hd of 30 Ieat and ‘&’ total disaharge of AO uacondwfeet
which will be thp suction and noz"ln diacharges when the available;l

nozzla head Hd_la lUO'Leet. Firat computc Hd -——~HB, which in this -1'
S . _."“Tfﬁ“““ G

inatenca 18 0-3&0- Enter the chart with thiB Value'4ﬁ ﬂrjnd thn@ih;f
tersactinn with the preliminary deaign curve Qa/Qn’which shows a E ; 
ratio of 0.60. The colreaponding effiuisncyhisﬁ H ey |
et Q, f l'- AD the value Qﬁ;is.round_to b9 ff{:
25 second-feat ﬁ;th th0 fAtiQ:Sé ;Ep f

ejuation. By subatra~tion QS iy

thig informabjon,

is possible tu d ntermin» Ah aug wei; as the noz&ie design.

faniliar with. Jnt-pumos Lould nstimate with little additionaL wors,_fi-

bl

acy saffic ient lor daaign Puxpos»s ii the noz;le anu‘aiffuaex;coef«  7"
ficients are very near thoae S"Aeutﬁu 101 plotting thﬂ Ldthutﬁf ?

The pxocedu;~ for pxepafinb the Lzua‘ u°51gﬂ wi not tn ujs- g
cussed here, lt unpenas upon whntnar or not a mixinn tub~ £ pa"ém-‘_ 

lel, converging or aivorging aids wa‘ls vill be seleutad tor tne deaign.




Vi1 - CONCLOS1ONS

The appliuability of the momwntun thaev*m. brom thn rnsulca ni

thess tests and tosts by othara Jt appears that the momuntnm aquatjon
is applicable to ‘the desién oi Jet pumps.J The acuatio"applies to ;‘:;
gither parallaJ, uivprbing or canvprginv mixing tubaa. | -
fith the excaption of a deaign having a mixing tube with parallel
sides the use of the momﬂntum euuation in aesigning a mixing tube be~
comes gquite inVOLV9d aua laborious.: Tha deaign of Aixing tubeaﬁwith
nonwparailal 8ldes involvas ‘a qtep by-step method of ael-ctingﬁshort .
ineraments in 'an~th of t u;xing tube and ana.Ly:rjn6 each by the }f

principle of mome=nt

Anoth ;:iiuulty with the momﬂntum equation is that it doss not

give any indication ox the propar length of the miainv‘tube. At the

Cavitation. - bavitation p oduced by a Lombinatio_?ofﬂaubatmos-_f
pheric pragsurss and rapidiy rctauing vcrtiues ia always a: potential
scurce of troubl= in a: Jet—pump ragardieas of how aareful‘&_the pump |
ie denigned. The prenaure insido thn vortices uannot be detenmined
chiefly because their angular velocity 13 indeterminate.- Conuequently,
the operating point at which the deatructive action oi cavitation
occurs cannot be dstermined. _

The cavitation can be eliminated through a wider opéréfing rﬁnge'
by the admission of air to the shear plane aximting batween the driv-

ing and driven jota.
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