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Summany

The thesis atteropts to analyss the flow and energy condition
at sero discharge fov @ simplified yadial impeller fitted in o cylindri.
cel casing.

Considerable lnward snd cutward flow wasg obseryed pé,sming
through the lmipellor and extonding along the suction pipe. The
digcharge arca was sharoed equa'ii;% hoetwean inward and cutwazd flow.

Two hydraulic gystems were found to exipt in the impelier,
namely, those corresponding to a pump and 8 turbine, Part of the
impoller wap fovnd to act ag a pump and part ag a turblne, The
turbining effect wasg falvly lavgs and had the effect of veduaing the
input imwew congiderably, A linear relationship wan found hetwoen;
the head and the powey coosificlents.

The geometry of the pump played an importont »ole and had o
great offect on the energy and flow conditions at the suction and
discharge sides of the pump.

Decoay of recireulatory flow along the suction pipe was very
rapid and depended on the geometsy of the puvap and on viscous
forcen,

Thaowvetical regults based on ideal fluld motion did not give
gufficient information about the head reduction coefficlent.

General behaviouy of the head coefficient piven by theory was

found to follow the experimental regults.
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Homono laiture

Sywbols which ave not listod below are defined in the texbs

H = hoesd

4 =~  volumetric flovw vato

N = power agpplied to the ghafb

n = pevipberal veloeity el discharge

w - rolative welctlby

¢ « absolube velosiiy

« meridional velocity

.. - Changential compouent of abzao.’i.u'bg velooilhy

- wangential component of absolute valocliy atb
impeller oubtlet with 2 « blades

G, = engential component of absolule velogily atb

impeller oublet with infinite nunber of bladesd

Lo, ~  elreunferentlel velosily

& =  velecily of floy

/-‘a - oublat angle

Z « gunber of blades

QZL « inlet diancber of impeller
:@2 « oublet diameter of impsller
D 3 = volute riap dismoter

b = widbh of casing

bg w» width of impeller

«  pogulay velosiby

N« aunber of wevelublions
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X, ENTRODUCT LON

lel  Goneral

Fog many yoovs succoasful design of coutyrifugal punps hog
beon baged on the Buler theovy. Theovebleal knowledgs combined
with expeorimental dote and designer's aiporience succossinlly prow
ved that a predicted duty polnt Leo. polnt of npxioum efficlency
can be sehieved in nost casos, Pumps gemerate a bead which is
faivly close bo predicted hoead and power consumptlon is no move
than vould bs expectod.

At points in bthe range where Qw0 or logs than, say LO% of
Q normed the predicbod valuss conld glve wircasonoble end mislepde
ing rogults, X6 is belioved that at low flov retes Tflow pobteras
thyough the auctlon pipe, ontrence of tho impellow, oublet of the
lmpeller, through the lupelleor and in bhe easing gradually change
thely intermediate pogléion snd tale o shape which iz 2lnost i
possible to predict. OChange of Llow patterns is lmmediatoly
indicated by the bwo maln pavemetors concovined with the hydvaulis
recenrch i.0. bead and powere The bcahéwiour of hond pnd pouey
charcsberisbios bocones very uwacorialn ond ab flow vale Q=o Qiffie
ault o vndovsitand.

It appears that the head i less than that predisted by theory

and power consumption is more thon expesteds See figure 1. In
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roat cases the head and power characterigiic curver have a pesuliare
shape with wexplained bumps and kinks., This wmay be dus 1o g
swlel which is developed along the suctlon pipe, at the inlet of
the impeller as well ag bthe flow cenditlons at the dischavge of

the lapeller. Hee figuve 2.

Any prodiction of the hoad ox power charseteristics ab low
dalivery is fruibless without substantianl knowledge of whebt actually
hoppeng in & panps

Ab the present dime thore 18 almost no information svailable
which could throw any light on this problonp,

The problem itself 18 most interesting and has o parvicwlar
applicabion in boller-foad pumpa, storage pumps ols. which vequive
o sbable {positive prespure gradient) flow head chaveetoristle
without bunps and loopss  Actually it is desgirable that any punps
or fon choracteristiv should be sitable o avoid head-capacity

flustuations at starbeoff,

1.2 Introdustion of the problem

A general lden of the problem at flow~rate Q=0 has boen glven
abovae

ALl snomalies which occur in pumps witbhin bhe range d=normal.
(Quby point) and Q=0 could be spllit into two malin causco:

a) prerotation

b) raciroulabion
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It ip cbvious that resistavce to £low is a mipinum if the
liquld onters the ilmpsllor ab an avglo which is very cloge op
oyual bo the vane entyance engles Differences in the angle of
appreach or in gopagity indleats the magnitude of prerotation
Feom the veloslivy briangles 1t can be scon thab only ab ong capos
gity (duby point) is the prerotation zero. Al copasitios swollow
then novmed the liquid should ssquive prerotabtion to be able to
onbew with the minimm vesistunce. Stoverd (Hof.8) was one of
bhe fivst invepbigaiovrs who eostablished thet prorvolation existed
in the puction pipo, |

Strong back-Clow o reglyoulation hes beon cbserved wvhon
the Lo rate W Lo veduced Lo zexo. Similarly strong rocivculaw
tion bas boen nobiced alb bthe discharge sido.

The author beligves that both the above mentioned phencuena
dopond mpinly on the fiow rate and on the goowetry of the mashino,

Progent inveshigations hove boon concerned with the hydraunlie
gonditlong ab zero Llow wako.

As the geomotey of maghino is bolleved to be the mgln vopie
able which influsnces the hydraunlie paremeters exbensgive theortobleal
ond experimontal sbudies have boen earriod oub,

$he firgt peet of this thesis glves a short survey of basls
vheory of Tluid motion ab sero Lilow.

The second parl otbends curent theory and shows the lnlfluence

of the gewmetwry of the impullew on hydraunlic porametorse



The third part gives anslyosis of expeprimonteld date and digw
P
cuspos bhooratleal resulis.e In additlon ¢ move comprehennive

gurvey ie given of flow phonomens at phut-off velve conditlione



e FLGd AND BNSRGY CORDITIONS IN GUNPRIFUGAL PUMPS

Z2ed  Buler oguation

The purpuse of a ceabrifugel punp Lo 50 cnerglee the f£luid
prosing throvgh Lbe  Buler originally derived bhe simple theory
whigh i gonerally appiled o robodynanle meshiness

Acosopding to Keartony Bulee madse the follouwing assuapbionss
{Rofa10)

a) the velowitics of fluid particles on difforent flow Llines
aro equal 0 one anobhep

b) the relative oublet velesitien of all Filuid pariticles ave
parallel o the bengents to the vanes.

e} the fupellop passoges ave completely £illed with the $iuid

e in also asauwped that vhe fluld enbters the lmpeller withoub
o vangonblel compoasnty il.os the absolute veloslty at inleb is
raﬁial;

Thuz the Liler equation hecomoss

* Aot ST 2 L 2‘
This equablon shows that all head is prodused by eiroulop
mobion around on axic. Transfommabion of egquation 2.1 with
referenca o £lg.3 leads tos

H o= “ﬁg )
8 & g,

Red



When the flow approaches zero Gup hesomes mz. At zoxo flow

equabtion 2.2 will bes

@
o=

g Pel
Plotting the equation 2.2 as = £ (Q) o stesight lino ip

- , oo s Uss
obtained which inlorsects the head axig am_ng

2

Tho astusl characteristics of ceatrifugel machines do nob
mateh with Bulerts theorebiesl perfomance. Tobal hoed pa glven
by Buler's infinite blade theory .g nevezx obtained. The fluid in
passing through the channels does not receive from bthe rotating
biades the required degign tangential velecity. This resulis in
the fluid leaving the baldes at o smaller angle. Other phonoe
mona vhich are entirely igored in Suleor's cquation ave relative
eddies of the fluid withim tho impellor channel (sec 2.2) and
brosk swap fron the curved boundaries of the blade passogo. In

addition, friction losses and shoek logses take placcs

22  Rolabive oddy

Volocity digbeibution in the impellor chamnel is affcecbed
by relative clwpulation of bhe Jiguide Congldey a particlo of
tha fluld i the lapsellsyr channel, see figedhe Al a cortoin
timg and poeition the particle will be pointing radislly cutuard
from bthe cenbtres Tho paviicle follovwing tho rotation of the

impeller faile to turn ulth the impollers This meansgy thot o
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parbicle keeps ibs orientation while following the translatory
movenand avound the shaft. Lt con boe goon ﬁhﬁt during one
vavolution of the shaft the partiole will have to rotate by one
rovolubtion about ity own axnis in the opposite direction. This
regults in relative eddy, soe £ige.5, which by swperpesition of
Tlow through the lmpelley incroapes bthe velocities alowg the
tralllng fege and reduces the velowities along the leading {ace.
Sae £igdbe

The gene concluglons sre found taking into acgount supe
pogition ®a® and Bernottldi's equation. Supposition "a% implios
that there s no diliference in pressuve across the blade chonnsl
pnd furdhormoxe that the lmpeller doog no work on the fluid.
Sinoe thot is not true tho neccssary condition i thad o pressure
Qifference botween leading and trolllng face musb oxists Thoe
Ialtor stabement pequives slmilar veloclity distribubtion (as
shoun in £ig.6) and confizme the invalidily of the firat Duler
agsgumption. This consiugion wap confirmed in practice by
Ushimazu (llef.8) who estimated the pressure differonses beotweon
front and book of the vanos

The superposition of relabive eddy on through Llow abt tho
outlot affects tho Buler velosity triangle. See fips7. Tho
petual relatlve veloeity W, ig obtained by adding bhe bangential
velaeity'@é dua to pelative eddy to bhe relative velosity wl

vhich fg bangontial to the blade angles CGonmequently the othezr



FiG.7 SLIP EFFECT

F16.8 STODOLA'S CORRECTION



valoositios ove chanpods  ALL these offects redusoe the botel head.
Ubwlounly, the deformotion of Bulor wvelosity itwiongles 1o smallor
with a greater nmumbor of blades and vice vewsps The defoxmation
off the veloeity telanglo by the amowmnt 8¢ i of grest practical
inportance.  Reduswiocn of the velocliy ie usuelly dofined by tho
anprogslon U"-z / Cu, ond proper definition and deduetion of thig
ealled alip coefficleont = hos caused wush evgument ond Aiscussiol.

A wevieu of worlk slready dono on the obove pyrobleon will bo
pivon bolow. Rogardloss of bhe a@pm:mh of many aubhors; the

eubize vorl of asbtimabting the valve fop Gy u, / Gu can be ap 1Y
inte Wwo groupss _

o) methods based on dewiving the velosity corresbion from
the rotation of the relabive eddy by means of pome simple approwies
nation |

h) mothads boged on the exaet oaleulption of the abzoluie
£lou by meann of the gencral btheory and lryotational motion of
Teictilonlass £loid. |

The first approaph to detewminabion of the slip eceflielond

/ Gu, oS based on a propopel by Stodola (Hef. 155) ‘who Suge

gog u@d that the mlﬂ, vive eddy volocity %o i equal cu%; wheye X

p
xulle -DZ sin/3, . 800 figde
'J:Imn
Ak,
Oy ™ —éL— -Sﬂ’)ﬁa 2ed, _
and
Oy, = DOy, = 0o =1 ~ (2 ‘Smﬂ& 2.5
0 G

) ) 2w, - 7’*3’5 9/
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The sxprossion 2.5 dosg not involve enopgy loss but ghous
the amouvet of enepgy which the £luid can revelve fram bhe impollors
Bok (RofeR3) improved Stodolals ceofficlent and gavo the

follewing equabions

¢
PO XX 26
3] 3 e q $iny3 2
Yo - 2
Z i~ R,

This expreseion gives %&lﬂ@s of the slip coollicionb congidoys
agbly highay than thoss obtalned by Stodolae

Peleiderer (Ref,17) derdved the glip cosfliciont by assuming
that the progpure Qifforence bolugen loeding avd bealling face of
the blade was congtend slong bhe chmimal end thet lincsy volooidy

Sighribubion exlots sorosa bhe chunnole

The slip soeificlent thon Badonoss
G 1
mé@a& "3 g—ig ‘ a:;g;; 21. i‘i
G, :
whers 2.
p=y R, W =‘C‘ﬁ“sm/-sz 3:/’}20(,;
zS
and R
<

ip a factor obiained by cuperimonie

Foy conbrlfvgal pumps god Loy cadivg rablo H’g_ / Rg < G5 the
value of Y thuo glven by Plleldorer will bes

Vo= 06 (1 SINA, )

To abtein the oxesd value for tho slip coofficient Busenann
{flef.2) divided the sbgolube Fiuid motion in the impeller into tweo

partsl



a) the through~flow describing the sbsolute fluid motion
through the vane system ab rest, aund

h) the displacement flow describing the absolute fluid motion
produced by the rotation of the vane systen.

Inter ony it will bo seen theb in additlon to the flows mene
tiomed above the eivculstion flow is introdused deofleeting the
ropulting theoreticel flow in such a mannsr that it leaves the
tealling vene odge smoobhly.

Promineat expounders of the theoretical development have
used conformal mapping procedvres to deduce the slip coefficicnt,
Beuakion "uz / Gmm = f ( z, /3, ;/ﬁz )} reprosents the relasbione
ghip among the variables involved,

The problem was solved for logarithmlc shoped blades by
Bugsemann (Hofe2), bub his ontire theory is too extensive 0 guote
in deteil, therefore only the final resulis will be given. Dusemann
modifiéd the fuler equabion end introdused two correcilion factors,

&) hy = & bead corecoiion fector pertaining to the displacoe
ment {low and involving the approximation of ons-dimensionald theoxy
according to tuwe dimensional theory, and

b) hy - a head correstion factor pertaining to the through
flow, Buler's equation corrected by Busemann becomess

- 2 .
o = B Bp = B i‘&i‘& ot
[.; 9ﬂ)2' 298

It is of great interesl o note that Busemann's corresition

coofficient by iv ia cowplete agreement with Welnigls (Ref.s)
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rosulbs. CGonsgidering Welnig's rvesulbs 1t is seen that tho copre
rection seoelflelont ils consbtant and practically equal to uwniby
whon the vens lengbth is greater than the vane spacing. Simce the
vones of radial impellers ave ususlly longer than the vanse spacling
feator hy ie a significant contribution to the Huler equabtions In

ite final form the eguatlon may be weitten:

I’ll

”t"ﬂ - - Gm'v

uyd o ﬁg"a Clc?ﬁz 2e9
b'\"éf‘”

Values of h, have baen caloulaited by Dusemanne

Recenbly, a mabhenatical polution for the relative oddy
effect was cbbained by Reddy (ief.l) who made the following ase
sumpbions in deriving the eguations.

a) the fluid is incomprossible snd Crictionloese

b) chennels are full of fluid

g) tho planes of the Ffluid paths traverse ’ghe oxig of rotae
bion

d) ‘the widith of the impeller channcl is consbtanb,

Using Leplace squations and introducing the boundary condi

tlonp one of a sel of simplified solutions for f;g Was obtained
' L 2T "
|
bg =1 o 2_Z v 3z 2,10
C&Ii;m -2‘_(5:‘ mnwzrxmwmm
z T(z2-15)
Equablon 2.10 is related to equation 2.5 by the oxpression:
G ¥
't}}ﬂa ’:: / o m'l-cﬁ?v
0 m e ll.

i



Reddy made the interesilng observation thob the rveding of
relalive rototion of the £fluid decweases ap the nunber of blades
inereases. Thugy the relative eddy valccity is the produvct of
angulor velosity @ and radlug and would decreaso as the nunber of

bladas iucrecaseg,

2.3 Visual obpevvabion

In the goneral theory diseugsed abovey tho assgumpition vas
made that the impeller channels were running filled with the fluid,
ixporinental. results and visual cbservation do not confiexm thab
stotements The reoulis obtasined by Fischer (Refs3) show thab
doad=-water sones form on the Low-pressure sides ol the blades fox
odl dischorge condibions. These zones increass in size as tho
diacharga‘is decreased from cbove normal to gubnowmal oy Zevo
£low condibions,

The floy eonditions nt swell discharges are different from
those thooretleally dedused and the astive flow breaks avay fron
the blade fae GJ.-[’

In the previous diseussion tho inteoke conditionp were nod
introduced, although thoy play an important part. The approach
of the fluid %6 the impeller inlet aund ils distribution along the
guction pipe is of great luportances. These sonditions vary with
Lha dischérge.- To obtaln o sulficienbly ageurate physical picture
of fluid wotion ab Loy capacities oxtensive experimentel studies

and vigval. observation are veguireds
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Je THEORY

3e1 Influonce of nwwber of blades and diamoter ratlio on the [lou

gonditions

3613 Thoowotloal snplyeis

Spannbake (Rof,19y 21) developsd the matbheomatical theoory veing
conflovimal mapplag procedurss  Ho simplificd the ddes of o conbyie
fugel pump fow his matheugbicel dedustions. Impoller and casing
vers moedifieds Two parallel shyrowds with o radlael bladed impsllew
placed in the open mpoce between vepresented bthe basie "thooretical
shape® of tho punp. S0 flgeila.

Poy the sbove ldenl syrangement the Kubbossdovltovghl thooren
wos uged Yo slmplify the conformal mapping. By means of this
transformation the impeller with stralght rediel blades could be
trangformed into & civele, Slwee this lg the subjost of the
present investigation the theopry is used and attonded.

It is kaown thel the @ - H (flowehead) chavasteristic is
affected by varying the munbepr of blades and the dismeter ratlo.
The purposs of the present thoory g to estimabe the influonco
of bovh paremeters on the flow conditions., In additiony the
cutlot velositlies and outlebd angles ave obtained theorolically,

The deduetion and oxplanation of the conformal transfozmation
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from the 4-plane into the Weplune (impsller plane) which leads %o
vhe final form of the impelier 1o shoun in Appendix 3J=I.
Thus the bvansfommebion which ylelds the £inpl form of the

impeller Lss

W

i

3ed

The geometry of the impeller in bobh planes {4 and 4} has
been solved Ly btho Kuitewdoukousky theoremn and hoforo explainiag
the velooily field, furthor simplifiecation ls inbrodused. TFlow
in the pump i9 perlodis; the frequency depending on the number of
blades and the speed, and bheso phenomena aye neglectod in the
theoretlcal analysis.

As o result of the asbove simplification bhe {low relabive
to the impellor oan be considered as sieady and the velecity field
for inataﬁﬁan@oua absolute flow can bo obtsined.

The volecity ficld of the absolute flow can be split inte two
componentss |

a) flov through the sysiem ab rest

b) flow in the potabing chenmnel at Q4 = o
Those two poinbe will be discusged separately.

o) flow through the sysbem ab rest
Assume thab the fluid flows bebuween two pavallel walls which aro
perpendicular to the shaft as shown in figure 12,

The vieinity of the shaft ic taken ag a vortex source while a
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voybexn sink ip assumed Yo exist ab infinity. 4 sowvrce of shbrongbh

[
27
placed in the centire of the impeller, Tinslly, let the fluid fiou

3%'” = L. R and o elreulation of streungih = QG“ R)l are

out of the impoller with g clroulation of givength ‘g_ = (C’u R) 5
and disappesy inbo a gink of plrongth -jg%;m placed st lofinity.

To study bthe veloelty field a knowlodge of the coumplex potens
tiel in the de-plane is requireds The complex potential can beo
determined freom the velosity field and the geonmetry of bthe impollow.
Dabpil deduction of the complez potenblal can b geen in Appondix
3Ll

lience the complex potential is equal tos

FE Q5 o), 25T b

Q (D)7

27

217
b) €low in the rodating channel st § = ©
The fluid votebing avound the shaft in the impeller chaunel
at goro flov experienses o prossure inevease in front of each bleds
while that at tho yepwr of bthe blade exporiconces a drop in pressurc.
This Ic@ufﬂ@fﬂ a turning mobion in the fluide The velwsity distribu-
tion can be found by meeng of the potential function. Dedusbion

of the potential funebtion g given in Appendix 3-Ili,



The complow pobential dus to the flow in the zobating

ghonnel, 2b § = 0 ius

2
S
i
Er. oy | sin J h(Z - Te ) o 3428
8 Tz (1 + __.-——cos&/)i“ 3
A

o

Adding potentials Fl and 1“8 the total potential ¥ is obiain-

2T
27
+ M/:m& In (7 - ce o
Tz (} + ?ué._ﬁj f- £ 3459

A furbher requirement i the estimobion of the clreulaticn
vhich appesrs in equeabion 2.2%9. The explavsition snd Jdedueblon
of the civoulation is found in Appendix 3-IV wvhich takes tha

Following Lforms

é‘z"zr( el J.{.z.&;&_@]

7 ~ o+ z ¢ Jo 35

and

£
#
&
———
o b
|
N
~
£
N
]
S —
%



uh@m
('/ + cog JF) cﬂtﬂ“
(1 + C°5‘})"“ 3433
where ‘ and ', are the cirowlabtions ab the iplet in
Z W
the £ and Weplanes
and gﬂ and ; are the eirculations ab dhe outled in
7 W

the Z and Weplanes
Foy the present there are no guido venes and it may be stated
Tha' anid are equal to zoro, which slmplified the equations

Fe3y 30205 3aiDe

Henoe,

2 C*
T’; - =54 [“ [ 337
i ot =2l
]z’w At /’ i 3028

R s Qb E) -
F"' Z?F (Z"(\ )+ T (Zf- x

_ Q e L ]—‘ A’)Z .
/"L :,zm} h (7 - “Q) -

The complex velosity ln the Z-plane is given by the diffevone



&3

tiadl of the compled polentials

3 e o G5
Gx « L 0y = 7 34,0

The complex veloeity in vhe Wwplane is given bys

3 9 - szi -% . ’
(}x e 1, Ly arm ‘M ﬁj:} S‘Zl"j-'

Diffoventiotion of eguation 3.39 yicldns

CJF: X / N (O _&'f'it,l,,_ nyn rC"]
dZ 2T 74+ AT M'Z+§ a7 mz

2642
whero
W
[ Sin J o
- - z' ¢ -
f ({ + €os 1})’ z Z,. et 3043
. “"‘“_‘/M,
[+

The resultse obbained ebova are introdused lnbo eguation 3.4le

s

¢ ,,; 2.‘»()/{4,({:2 i [ f .
It Z oMy Ar| dW
< o
wa&TL]] | 1
' dW Felide
! Tz 2 J?

In the proseant problon the flow-rate G=oy and so the fiwsd

texm in the equation vanighes., The othey two borms ave consband



Ry

for a given lmnpaller snd a constant aogulow velceitye

Hance,

L d ’ !

G = Ly ‘"‘Z" w7 W

Fld7 3e45

To golve the eguabion 3,49 it g still neeessary o ostimaie

the bern I& and lg.

Bouation 3443 is
2

] sin V-
(; £ cosa‘ /“' (Z L@"UL)

1utogrhting by'parLﬁ and introducing the new wknowng

| / .
U = S df 5

Z-ee” (+22) %

the following integral is obinineds

| 7 2 g5
[-eefie ) e
; (Z _ .——@LVO‘) 3ed7

By subgtlitubion it follows thatb,

W = et i = [ et

cos V- SF XCRT 3,48



ond the eguablon 3.47 baoomes

[z
.z T s W+ W z
/z_ z ){ (* v ) (Z LW) 349

It moy be weitten thab,

7

/2 2T j{F(w) ol W/

Je50

whepre

F[WJ (H ) (Z 14/)

The integrel 3,50 can ba solved by the wosidue theopsine

The yvesidue ylelds
fl"(l‘” ai = Z.(/TL ’%, 3652

WhaeTs A‘—‘L is the peoidus of o louvent peries, [fgunbloa J.51 can
bo solved by ezponding both tevms inte two serlieg,

Tho Cirat torm betomes,

(Z{- W)’ @ (£ - { /Z} uz{;w)
.ﬂ:(%"—wﬁw-w(”“) )]

3453
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and the seceond term using Fourier's expausion bocomes,

2
(f I f;e/-ii)zg , + CLCO.SJ"f- OZZCO\SZ'&af .o

o vo + O, COS mb 354,

Forming the produst of bobh seriess

3

Flw)= - (;f[: e 2(SwW)e3(Z Wi
.(n-u)(-%: W)nj“
{O PGl gp) e S W)

+ O (W + W”)} 3455

enpblogs us to find the rogidua,.

h (g )[E 2 AE) Bl 2ole) ]

By resrvenglng it ie obtained {inally thats

As 2’ 'CIZ(Z{C)Z/'O F G (Z) +3a (g)im,‘mo (Z)h‘]

356




A

Those values ave inbrodused inbo equation 3.50 whish bocomass

[ - z T Z.TI.’;A_{::
2 72

To solve oquation 3.44 the integral I has 4o be evalusted.
The inbegral IB is complote eloiptic iutegral, bubt by toling, in
the Zw=plane, the valuo of ¥ egund %o the radius of eircle "i¥ feoe
£ip.Qy 1t can be shown that the lntogral 132 1o poyt of the inbogeel
.}13‘.

By making uwe of bthe above supposition eguatlon 3.43 ey be

cosb in the following {orn:

/;i./ sinit / ok
. (( fcosujb—— (1- &) -

L
/ un i I+ € b
(f + com)‘“%z?: (f-é’"'"uy(/+c23”y

- 25
i f( ey St I
¢ ({ + cosdj’"{? (H cost|i- & i
o /M
| 23 o
L_ (!4(.057}*) oS- o (:’ F cos 1}“) d -
ot O + cost) T Z T (f t cos 1}‘)’“%"
A o |
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Thus 8

[-4]
2 rl

3658
and 8o the value of integeal /; bocomnads
ar
.z, : .
[1 = ;;//4- (aﬁ‘- » Pg . 3:13* ce ) Je59

Fupbher, the terms 293 Qn}

ingly, the value of the firet few terms of the Fourlior series ave

Cea have to be found,. hecord-

obtained,

Z A
: Z
(/ + cosv- = O * ("J,COSV‘L,L q‘co.szdau.

czt. 1}'= 0" (/ + cosl} )%‘: (1 + 71—)%2 b,

we V= b0 (10 -;%)é (1455 )4

ot AF=90" (1 ‘/"; )%z /= b,

ot V=357 (14

ab l}= 140° (‘f"t

Subgtitubing the above velues inbo Fourierts serles the sel

of five eguations is found.



b, =00 * = ~ &~ q,

) Vo V2~

hB = {, ._C% +C£

b& =, ~ ﬁ%& + %%% ~ 4,

hy =0 <A, + Q -0, +3, 3461

The solubions for the individual o - coefficients are e foliowss
2 (b}, + 2 b}?, -~ ﬁ bj.',- - }35)

& o o ( - 2 D, + b.)

m = Ab = R Dy 5

L

£

“:I‘(b ‘_"Q‘g- - 21)3 “w2bh <+ b 3.62

[ 5 )
Since oll tho btermsg in equabtion 3.49 aire koown the complox
velozity in the Weplano can be worked out,

Tho finel oxpression for the complex velocloy Lo

. 3-2, ‘ z-1
L= 1Ly = — (pT) ,z.w%__...l’i%_z_. (0‘, Fla, + 30'3+.,.)+
. - =
) A
}@ Tiz. w0 L l"/z' i~ « |’
| Tt (4, 2%(—2(;)+~ N, (ZL-')
73

Z 3063
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3412 Humerical example

A numerical eoxemple will be worked oub for the following

conditlongs:

g =0 By o= 5 =4
n = 2520 RePelle R? = 201
The necesgary coefficienls are as followss

7 .
L .22 .29 . a4

z

(¢) + 1

/‘«‘- = = J.03

-
R
A

b = coefficlents are calculated from equation 3,60
1 4

(\7
1t

Ue 82 Rg

Tolﬁ (1 = W Yo = L3
P
" Ue 797 yv7
ne o G L <1
bgm 1
0797 &
b&:: (1 = 103 Yo = Q.56
.2
'foﬁ = (1 - o5 Yo = 0,173



3R

p = ecoefficients ave caleulated from equation 3,02

Gy = F (L.403 + L83 « 0,792 = 0,173)

oy x% (Lo403 = 1.84 + 0,752 = 0,173)
A
5

The integral I, is obialned from equation 3,53

|

2720

i

ES

(1,403 = 2.0 + 0,173) = - 0,106

(1,403 = 2.6 + 2= 1,12 + 0,173) = = 0,018

e 2. (0,560 - 0,212 + 0,1356 = 0,072)

To esbtlmate the veloelly st any one point on the vim ol the

impeller an arbltrary angle between radiug vector from the ceantre

t0 o chosen point and the Z « axig is used., Let this angle be

m)é, thens
T,
HW=RE
From équation 304 wo deduce:
W
/- v
f7
el 7
(eﬁtj = f ¢ = COSWL'* f«-?&fﬂlﬂ_:-—f

Hlence,

&

iy
fﬁ v - 0.8!}5 RZ = - 2950‘? R

Z
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T
Z = Q} o+ EF- = - 5.348 R?.;

To solve equation 3457 it is advigable to calculate the

Tollowing valuess

4 17.2
Ao 0,037
5‘2 R;%
Lo L0733
ar 113

2

The integral I? becomoss

L, = ;;.3 L ‘Z§ ! 0e569 = 00174 | =)+ 0.OLL( 7%/ = 0, 0398/ =
k :

o= 0,1212 =i

= 2 e L) = Il,)

far

To simplify the computation it is better to use the reciprocal

of equation 3.2

WZS
I 133 RF
diW R, 12
T )~ 0'672<_i)
d7Z 7
I3 ,
64‘) . ~ 0707 + O°707L
L eesl-rel)
i
dZ

. The complex velocity in the 4-planc is caleuluted firom

equation 3e40



2
, s A T . !
ng w 3 ‘:Jy = ‘ [ :‘Ea b 1‘1 . E:m &

TP A

G, =10, = 0.(}:'){51[ 01212 L = 2472 L (= 0.1942)], @ R,

w

P — 5 ;
635 NN Gy 00 03)$L N R;?'

Phe complex veloelity in the MWeplane is given by squabion 344l

o, = 1 e, = 0,038 & 4 1.22[9.66 (=1 u)]
GK “ 1 ‘:‘y. = ( - 00346 - 0031’46 .'.5.) o R;?.

Aund the resulting velocity which ip equal to gbsolube dise
chorge velosiby iss

[ CI ] 00&9 w H.a

Similariy, forx all otheor points the resulving velogity cen be found.

Analysing bhe complete problem, it can be asen that by keopw
ing the gare conditions but lncressing only the numbor of blades
the resuliing velosity will be inovenseds Sivilavly, by keeping
Hhe m.wnbgr of blades gonatant and lnoreasiug the aves ratlio, bthe
resulbing veloglty will be decrenscd.

Furthermoye, the angle betugon the repulbent velesity and the
peripheral velocity component /3»1 con bo estimated firom tho kooun
components of the complex veloeliiy.

Henoe,

Cp = 4 af( o 00346 = 0346 1) W R,

022 = ow 3116 oW l&a

Q‘y &3 0.34,6 Q R",)



In our casy the chosen augle ip _g— 8¢ the sngle ﬂ'z con be
goloulaleds Soo fig.l3.

The sanpgentiel componont of abeolute velosibty ims

G .
= - Hllj' L 4 Co 1}

'\)“mﬁ‘/lg.

o w, = D49 & R? and the radial conponent of absolute velosity iss

o

.L‘;r% @ =Ly cost) — Ay sin V- ) ﬂ?f{i)&

(29

G
o, =0
2

The angle thup obteined iss
-G

fg ﬂ L ugg:%

118

aud /5,_r=0

The negative redial veloeity shous that the veleocity is direc=-

R
L]

ted towards the contre of the lmpeller and vice varsoe

Honea the heopd bugomest

0, ,
2% = L0OR,. 0496 R, = 049 @ F0)?

TR ARSI YA A ?

g & &
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Appendizx eI

Malking uge of the Kubla-Joultouski translormabtion

fm

a cirelo is transformed into a llne.

@+ _T?) a1
A

roft=r

oy thig purpose the clrele kY with radiugs  and the poind
G ot bhe distance —aT outaide of the circle were chosen, see
£30.9.  Latey it is shoun bhad tho cirele tLV corrogponds to Lhe
impaller blade and bhe point BCY to the cenbro of the impallor.
The first trensformation gives the following values:

Point 09 in the Z-plave corresponds Lo

ﬁ_’_(.__g(.. Tl)_._ ©
c 2 aT ﬂ/‘-

in the f «plone,

/ L
vhere 4t = > (,\ * A)

Thus, the eirple "M i tyansformed into e ling.

Further trangformabions are required to obtaln the propor
geome'iwiaalr shapo of the impelior, and 80 tho second twansformablion

jig = zee fig.ll

fl=fopT

pince

fot

: < /.
point WGY in the f « plong corresponds o j =0 in btho f.. plano.
I addition to the co-ordinates of point W0V, the following

intevesting valuea ave found in the f f--plana.
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Inlot radium

Y

and outlet redius

/), T+ T
2

The third transformation loads %o the final form of the

impellers See fig.ll.

o= wT F 3
/ } /»UC" 4

f- e

l
The velationship between bthe Weplane and the f ~plone 16

botter soen AT polar coeordinates are introduced.
. ! ;
l/\/ = P@Ll}d f =f EL(P
-4 L
'I}“ o { Z Z A
Re''= (uT) = pi e
l

The lesi tronsformobion shows bthat the complete f ~plane 1y
trensformed into only .‘g of the Weplane, i.0. the segment of the
VW~plono bounded by the rays V"= o and V= Z_jz': tranafowas inte the
onvire f'—plan@. Thug, one poind in the Weplano corresponds 0
Z-points in the f '-plane. To study the problem, it is neseseory
o Imow the fluid conditions in only oae plane.

The inlet vodius in bthe Weplane is given bys

- o] #T-< . o} o —/
Pt/LL////u.’C .../,/“‘ /M—




INGTE M= NOILGMGOASHISL Totidsyio) 51
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and the oublet rodius by

1. R :?/ M+
\f R T =

i
Honso,
(:%)Z +
/DL ) Q_‘:’- JZ - | Bl
From egquabion 3.5,
R
/‘7% 3.8

From equablon 342,

A i//“"‘}f//pti + /

3.9



Appendiz Jell

From the cuplanstion listed in the Sexbt and beklng into oG
count the fact thot the eoentie of tha impoller in the 4e-plove {(seo
£ige9) corrosponds to the point "OW, the two componends of The poLone

Ly

vial functbion ave founds

¥y ® e (6 ¢ aT) | 3410
N . . '
P At R i

To evold any separavicn of the olream llnes the £low shoudd
nove around the olreleo ", po that any tangonbial eomponenbs will
bo obtained. This condibtion will be gatisfied by finding an lboge
soncgo with circuwlation of the some ghtrengbh with mogpsad bo the
gircle ", The ilmage syoten congipts of a source ot the lnvewso
POLIY - (—%)daml a eipeulablon of opposilte sonso, Thovefors; the

gomplex potenbials For the oioted condivlons aves

Gl / >

_p_|3 = -r-vén%:" N (4 & T) Jed2
t T“ ([

¥ = A 0 (5 e o

As alveady penbioned, the sink ob infinibty wes chosen bo
sabisfy the equation of conbinuity and the imoge of the sink with
Pegpect bo the eleole BAY must be founds Tho iluverse polnt of the
sink ab infinibty ie oblelued at the centye of bthoe eixele WM,

Thugy the cemplex funstions arael



Loy

3 N .
P e L 3.4
By = o= w04 Fel5

To avold tho infinlbte volooily ab éubledb end inlol of the
fupelior the cipoulgbion pound the olvole (blade) is stabed ownd
tho potential is found.

i I

i 4o [ emingcs y, £
11 L 3 rB— ’n Zﬂ 3. 1!’*)

Henco tho pum of polentials ipn equal tos
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Appendix 3=ILl

Flow in the potabing channel ab Gwo. DBy dletxibubing the
elenentary sourcen of gtrvength 2 ,Gnd S over the clroumference of

the cirele the elanentepry potenbtiel iz obbteined,

dE . 2L s h(7 - o
2T 3018
whero ’Gn « normal velosliy component in the B=plane
and 5 e glrewnferonsce of the cirelo,
Normal compeonent of tho veloolity in the weplane ip
ﬁi; = [/ 3,19
where /U/ is the absolubto value,.

From equation 3.4,

c.os. S
i ;/,JC (f + ) 3420
Thus,
S
m/AL(f + ‘CDS ) “ 3e21
Normel velce *L'by conponent in the Heplane io
= ,el / & ¥ A / 3eR2

The i‘.@x'm /‘%Ei-é:/ has to be obtained.
Viffeventiation of cquabion 3e4 ¥laids,

d dW df dlf
JZ df df  dZ 7




and ng_:__z{(f_ _}C_;_ﬂ)

Those values are introduced in cquablon 3.23.

Thug

di

—

/ L (, . )
d7 (o)™ W2V 7t 3u 2,

Tho last Gern in bhiz eguation is shown to be

1 —& . ol
(!“‘ ;2—)::{_ et —f"'@ZL

Treiln

The obsolute valuo of the above ecapression.ist

//(/ — CDS z&}z; unaf = Zs.fm?/L
Thusp
) 9_1_!’1/_ ]: 2 8IH JF

2 )7

3625

d/

By substituting ogquation 3.20 in equation 3.25 wo obtain,

Id_fca// siniF

dZ = ] - _é_ 326

z(1+ cos¥
From equation 326 and 3422 the nommal velosity component

S

in the Z-plone iz obtalnedy



L0

C = I T _smt}‘
o7z (1 + cosb)im g
/u, 327

Introdusing eqguation 3,27 inbo equation 318 end intograbing,

we oblains

o
A
F, wuT sint) (7 -Tet )o/-./L
S o (| + cos F)I- & 3428

° /

The total potential thus beoomea:

B
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Appendix Zwi¥

Bobimabion of the cixsuletion which appeors in equation 3.2%

Por that purpoge differentlablon of equation 3.29 1o nooded,

Q-7 Qi Qei(e )

o7 . (Z+aT) (7 + %) 27
5
. af//bL(tL sntF. o)
(11‘ M"”(Z N ) 330
and
%} - % . "&d% Je 31

For tho value 4 = +C oquatlon 3.24 beComes z6ro, (ongee
quently,; the veloolbty would become infinite if at the same time

‘berm %E‘. did not approash to zorc, Thug, all quanititios i, f,-' ] }; o

should be so dotormined that I for & =¥ Cuould become moro in
dé

oquation 3,30, If that condition is fulfilled, the velocity will
remain finite and tangontial along the blade.

The flow-rate { plays no role in this welationship, 4
causes only pure radial flow with finite velocity dirested tangeonw
tially along the blade.

Making wse of the foregoing conditions (i.o. @ = o for /+T)
G
¢ may be onitbed.

Bguabion 3.30 now becomess



'~

-'{:)/:—’ - (-F L// t 7;)

- +
g1 e L C
27C (1 + A) FT(1 + A) 27'C
o
o m sinp Ve
Tz ( - cosz)')"" f:(f wy
o
S 3032
The following tomm in equabion 3432 will bo csbtimabeds
A7
o e T .SM!} of L
f,"z (! - cosl})I" (/ _ euﬂ
Thug, ¢
ik
{ [ — o e _
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The value oi the first term 1s equal o mero (e.cld function

with poriod zr ) omd so wo obbains }

(! * c:aslj')d:} | wounT L /;

Lo TL
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whare ¢ /M'
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5 /“' 3e33
Using the fact that
[ ]
’ ‘ s %03,

the equation 3,32 for the d~plane hecomes

) et
G T, \ A wd Z ; 2035

Z

In the YHeplane E; ig now incresged by factce 3.

A .

lw

3e 26
whero
I, ana T ave clreulgtion at the inlebt in the 4 and
2 [
the Weplane
&ud’ Eii and {:ﬁ are cirvculabion at the outlot in the 4
Z “h/

and the Weplone



bie PROEGENTATION OF RESULES

4ol Theory of simllariity

Theoughout: the hislory of hpdraunlie voscareh it 1s ovidend
that the question of vhen and how modol tests colld be transferred
to fullegoale periomence played o considerable ﬁole. the abova
problem ig important for everybody angaped in reogeavch work. I
was scen to bhe move complex wheon the same model was tosted, for
oxompls, in dlfferent wind-tunnelg, vhon appa?ently difforent
rosulis vwore obtained. Howeveyr, nowadays ib is possiblo 10 OXe
plain most of these differonces, I%4uas discovered that difierent
air turbulonee in tunnels aflfected the aevodynomical propoviies of
modols on toste Vor particular values of Reynolds number it is
not sufflciont Yo define essh individuellys wmulbiplication by a
burbulonce factor is NecosS8orye

ﬁh@ firvet atep in the diesussion is to dofine lthe eoaditions
wader which the model must oporate by wsing Naviep-Stokes equabions
for incompressible fluids.

- B further discussion oaly tho z-sonponent of tho Noviepw
Sbokes equation will be used since the same rules can be applied
for the obher componentse The deduction and transfommption of
tho Novieve3token oguation is given in Appendix -l

The simplest way to conpare model and full-scals results

io t0 chavnge bthe bagie equabions into o dimensionless form, Fop



that purpose at an undisturbed point in the flow, the velocity GO 5
tho gpecliiic donsity (20 vigcopity Ho linear dimonsion kb, time 6 and
accolovabion due to gravity Jo ave chocene  Accoprdingly, oach toprm
of the equation 4«1, soe Appondix 4L, iz mulbiplled end divided by
the physical ond geomebeical properties which ave constant ob this

parbloulory point.

To obtain simileyr differenbtial equablong fox both flows {(round
the model ond the object) and at the same btime similar solutions for
the unknouns Cx/ G o Gy/ U o c:a--/ ¢ o LY L3 necessory that the oguae
bion 4e3 - ace Appendix 4.0 « should be valid for both tho model -
and the prototypo. Therefore for bhe similarity of general moetions
“ohé dimeuplonless nunbers must bo egual,.

The dimensivcaloss nusbera which sablefy equation 4.3 ave s

s
v

followss
Stravhalle nunbers &b = Egjg # m?.,.,m
’ o

Reynolds® nuwibers R, = Eg& 2 ﬁg&“

s Y
Froudo!s numbers P = Sﬂgﬁ

gOL
Bulerts nvmbovs B X

n bol,

Mach numbey can be obiained from the equabion:

3 9 G2

(S €4
St B e ks = ko
0 a”



whore M = iig

&
Buler and Mech munbers axa phy&iﬁally'idahtical.
Introduction of the new agymbols into equation 4.3 - ses

Appendix el « leads {03

f "D Eﬁ) ) Cx +,>(%) s Co
St "')(E) f»(,__) © (Y o ”b(fj G

RS ”}a(fjx + 7(5&) +“f“(£ﬁ.)

o Co Co .
RE @ )

e g 22

E 9 (¥ o

The conditiong shown in equabtion 4.5 are not suéﬁ&ieufsiace
there ere still some terms which have te satisfly the condidions of
aimilaziby. |

Kquality of the ratio gs! g, cen bo obtained easily by placing
the model in the ssme grevity fleld as the prototyge. Ib seems Lo
be more dilficult to obltain ejuality of the terng J‘P/ Pﬂ and /A/ /U'o as
both quantitios can be changed by bthe offect of tomperaiture,

However, @ince the offent of btemperature ls not parbticularly
gropt in the low apeed tegts, 1t may be dipregardoCe

Anplysing tho dimensionless numbaeprs it i fshm-m that the condie

tion of complote similarity cannot ho oblaineds Gomparison of



Reynolds® and Froude!s numbers indicatos thab cerbtein guantities in
both numbers have an oppogite affech,
The natwee of testing indicates wben snd which dimensionless

nunbers are bhe mogs imporbant aud which of them may be negleoied,

he?  Dimensionless cosificients

The study of bthe effeets of particular hydraulic parvamebors
and thely mutual comparison is facllitated by wvoans of dimonsion=
loss coefficlents. Dimensionless coefficients npre lndependent of
volusity, pressuray, nuabor of revoluciong, dimensions otc. This
Toet is of great adventoge in the stvuldy of oxperimental resullo,
To enable us to anplyse the results obtained from experiment the
dimensicnless coeificlonte are derived for our particular case.

Paramoters which che;‘acteriese the £low conditions in oup
problem are as followss

4] - hoad
Q [LB / ff.ﬂ w~ £low rebo

[1/ ':4,‘] « pumber of revolubions

~ dismeter of the impelloyr

=
———,

ot

g
—

N i

"L./ T‘“] - pnecoleration dus to gravity
37T2'/ I.;!“] - gpeelfic density

¥/ Lz} - dynsmic vissopity

L

‘142/‘.?2] - gpecific ecunergy

t-—:\s%m

Tfr.r.:m;}% Kinenabtic viscosiby.



nites

L « length . T o LLne ¥ « $Oreo

The folloving fwmetional equation exprespes the general relation
gnong bHhe guantitiess

£y By nyg .139]9 ,/A ) =0 46

Accoxding bo the theoxy of dimensionless vroducits the conplete
sot of variables is peduced bo bthe rank wvhich ls expressed pg Lfollowss

Y@ wag ho'f
whore

¥ - is the nunbor of variables which occurg in oup caso.
and

%« ig the rank of deoterminant fovmed fyrom dimonsionloss

mabrite

In our caéba

Y=3

Gounsequantly, our paremeters are reduved to the threo dimons

sionlase coofficientas

T Q.p
Do
zDZL

\Sl%'\‘l:

[
i

and e

T, -

Cbviously, various complele sebs of dimensionless produsts can
be formed again from the sbove cocefficlenus. By meking vse of bthen,
various dinensionless coafflolents which avre already known, swe chosen

for ouw probloms



Reynolds' number

T2 .42 .2
Dy Y 2 Y

"low cozf{icionts

7. % ___Q
4 (TG nDi

lead soeffilcients

T. W 9A
‘”32 nZDZ
Speﬁific spaed}
{
(“_' = . ﬁ; = n : Q /a
/¥, (gH)*

Power coefliclonts

T, T, gHQ
7 rﬂ;z_ n;;-'D.lI'

Diametoy coefficients

}
g & £
(A QM

4%

4410

41l

Led2

loe L,

Hith the usual symbols the dimensionless ccofficlents have the

follawing notations Y= '17: G= ¥ A =%
V=T A =T

If measurements are mode in the following unites
i [a] D [m] W[ Mael]
Q [1113/ a) 8 [m/ SQ'J

n [Mnin] £ L]

St
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the dimongionless coofficionts hegomes .

70.-'@ ho,owy Q)
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. 29H t _760. H
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Feom the foregoing procedure it ls cbvious thad only threo
bagie coefficients deseribe our probleom from the hydreulic polnt of
ViOWe

Thug, the fundeomontal coefficients are

Reynolds' nunbey

Flow copfflclont

Head coefflcient

The physical moeoning of Reynolds! nwnbor used in our case may

ve entirely different from the fundamonbal definitlon for o sitralght



pipoe Howevor, snybhing which disturbs the velosity of fiunid
changes the patbern of flow through o passage. Consoquently the
definition of Roynolds! nuwwmber based on bhe averago veleosity is
changed. Therofore; similarisy of Heynolds® nuvabor do2s 5ot one
sure simllordity of flow, since tho chunge fwom lominoy to turbulond
Llow may take place ot different Reynolds! numbers when tho pipe Ls
not stralghbs.

The following points are the main difficultios and diffevoncess

a) bthe definltion of the longth of the channel

b) normnlly 20 to 40 pipo diameters aro reguired to obtain the
final veloocley distributions No sueh length ip aveilable in eentii-
fugal puaps. Bosides, the shonnels ave roloting.

@) scebions of the channels are mestly irvegular.

Frofa the above poinbts it can be soen that meny values of
Reynolds! numbeﬁ*can“ba apoigned Yo the flow pe it passes through a
punpe  Regordless of how Reynolds' nusbor is definedy; the points
wentionod above will bo woflegtod in it.

In addition o the spesificd definlidions of Heoynolds' numbesp
for the sitralpght pipe and lmpslloy channol; the question of kinemotic
visecosloy arises.

In the prosont weview of tents, using alr instead of wabter for
the working £iuid this question i of great iMPorbanco.

The Klaomobic viscosibios for air and waber ab 200 and 760
mmig are vespectivelys

water & 0,01 [kw*h]

aly 5 0u149 [emls]



To obinin the samo Reynoldn' numbor in e water and oly teost
it appoars thet the produst 0.0 (0 - volosidy, D - dlsmetor) ro=
quirves t Yo approximabely 15 tlmesg higher in the alr toste

By changing the spoed and dimensions of the impellor the

required conditions can bo sabislied 10 o certaln exbont.



Appendiy A=l

Tho % « compononts of the Navier-Sbokes eguotion ALE -

~ 2. ~2
’PDC» ’DC,, r)Cx C +r>cx ¢ /& (DG 4 rf)C} ’)
Y 5x o Dy Y /'7 D x* '—?})"" Szt
j P
. 9% - f"_' DX
Trangforming Lthe above eguation into o dimensionless fora e

49

oblaing
too(E) L D(z&)g ’D({-) G ’a(f—_.)c

Mo G //f‘% ‘D‘(é) + ) )
TLE A (S *a(f)

P
2909”-_?_:*—'1'—" /D('/.i;)

% AL ﬁ- /‘3(_5_) ha?

Dividing the eoquation 4.2 by G /L. loads to tho followings

L 7)'(-@) ”“‘( AE) s ()

6 t, "a( x G ’a(zﬁ)a %z__) G

o Lo »Z(g)* e (e
B ) R(E)

—



@l g9 D(%’)
G* 9> ,ﬁ3<:f }él D (_%i)

bl

Introduction of the symbolz Crom ¥he eguatlon 444 inte equae

tion 4e3 vesuld in ogquation 4.5, Soe shapiew 4.1



O.L

Y SEPRRLMENTAL JdORK.

5.1  Dogign

Tha theoretical eonditions predicted in chepley 3 require s
simplified shapo of impaller and casing with o suwetion nozzle and
pipe atteched,

Since the onergy and flow phencmens have to be observed at
the flow yrate Y=o only, it vas felt thot this simplification of the
design vas perilssibles The guestion of eilficlency does nob arise
and may be onitied, Un the other hand, by simplifylog the design
certain geometrioal infivences are exsludod and only important geo-
metrical variables ave explored,

The simplified rig vas desigred vo fulfll ths theopsitical
veguirements ag elogely as possible, Seo figuve L4 ond plate Haoe
i and 2.,

An impeller of specifie spoedq = (16 n = 2520 RePde oubled
dilanoter DZ = 200 and vidth of impeller 2% was chogon,

To covrespond with the specific speed 0= 0,16 wo must have
for duby point,; flow cosf{ficient ¥ = 0,03 and hoad coefficlent f= l.d.

Sinoe the increasse and degrease of recireulablon ceused by the
impelier goomebry has to be studied; ceriain veristions of impeller
ahape have been vsad.

Fivgbly, an impslleor with parellel shrouds and gtraight radisl
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blades was chosens The gonerald lay-oubd is shoun in ligurs e
segondly, bthe nunber of blades was varied froms

4 =4y 83 W
Thirdly, the inlebd diameters choszon arve lisied belows

Dl = P Bl w B Dl = L3

- ¥

With o view to ppprosobing the theorediesl £luid motion the
caping was designed in ceylindrical foxam vwith parallel side walls.

The influence of the vasing on inlet condibvions, reciveulation
and outlet copdibions bag been cbserved for thyes dlfferent digmeters

of caing D3 ®m 23,80 93 2 B ad¥ D3 = 550 and 3% widoe

52 Beporiptlon of the »ig

.81, Gonoral

& wig bhad Lo be designed for the puwrpose of bhig invesbigation.
Mg to specifie vequirements conplderable simplificabion was made 8o
that every eloment of bthe appavatup counld be chengsd in g short vilme.

For bhe reason stnted sbove the shrouds of the impeller and
blades were acrewed togethore. This engbled the number of blades to
be changed i degired.

In eddition; thwes vapiabtions of sustion nozzle and suchion
pipe were made each of which could be simply serewad to the @asings
See plate NOeRe

The eylindricnl casing conolsted of two parallel walls with






an ober wooden ving whose digmeter gould bo changeds. Tho slde
walls and woodeon rings vwere secuvred by means of olamps and sealed
with plagticines Ses plate Nos3.

Un the suction gide arrvangemonds wore wade o £it the cylind-
ricsl probe ab three different sceblons. See figore 15 apd plate
& and J» AL caoch gection four traversos could bo made by robabe
ing vhe sustion aozzle by 45°,

Trensporent gouge connceting lines wers wsged o Link the
cylindeical probo wlih the mancmeitors Pressure readings vere road
on & Sehililknost-hurich mencuober of sccuvasy 1/ LOmn,

Tenpevature measuvenent vas faeilliated by moans of a theymow
meter fitbted in bhe spaclal "pookeb® al sash sesition.

A similoy arvengement wag provided at the dlgcherge side where
the same cylindricsl proba was useds The probe was comoeaved e o
nultistube manonebeor with plagtice tubeg, 4 scals divided lu tentbs
of an inch was usod for prosours readingss See plate NOwde

The impeller was deiven by a swinglog field moter made by BOPY
and vated at 10 HeP, A mechanical devico was used to change the
speed of the oublput shafl. Lo addiviony, the lmpeller spsed wap
ohaarved by sbeobosGopa

The reousilon torque was messured by applying loads to the tray
suspended from an arnn attached to the {yemc. See plate Neos L and 5,

The other avin was used o8 o control avnm which wyas {itted Lo

an Avory balonos,
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Wheon the swinging motor with both gyms and the balence were
in oquilibriwe no torque was epplied to the shalt and the polnter
of the balonce pointed 10 3010l

To eliminate ag mony losges as possible bthe motor with spsed
variatdr was belanced at n = 2520 RWPM bofore the ilmpeller was Lite
vod on the shafhe In this wey only the mechonical loss betveon

b and sealing (fell) was loft and pub on impeller accound,

5ec2  Flow wisuvalisation

To make o conprehensive study of velosity and pressuwre distyie
bubion throughout bhe suotion noszle and alwo al the impeller ocutlel,
1% vag desirable to have visual observabicne

The sugtion noszle and volute wslles woro made of perspex Lo
allow dbﬁervaéion of the flow distribution at ths ianlet and outlet
of the impeller. See plates Nos. 6y 7y 8, 9 & 10,

'To obtain more information aboul the flow poitiern and recinoi
lation, arrangements were made to £it o network of cotion tufts ad
vorious popibiovs in the sustion plpo. See plstes 6, 7, & and Q.

Special cave wes baken o £t tufis propeorly,; to avoid lntyo-
duvging any initlsl divection. A thick brose wirve was dvilled al
/2v distance and in each hole a tuft was placed baving a knobt on
one s8ide and belhg loose on the other pida,

Foellities were made bto fixvbufis at threa different scctions

in the supblon plipe and at ondposiilion abt the diasharge of the
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.:c?,mpellex*.- This enabled bhe guthor 4o gob o good visuval pleture of
the flow sonditiong along the ouwstion pipe end abt the etite The
behavionr of the flow across the entirve secbion was scon by potale
ing o susbion nozzle with detached wults. Bleposlilon of the Suftn

and ite pleture can be seen in figuve 15 and plates 6, 7, & and 9.

563 Batimation of filuw proporties

]

S¢3% Goneral

Hydrvavlle and flow pmpér'b:‘t. a8 will now be discusped in dotails
&) Voloedby

b) Spocific welght

o) Flow xate

'd) Frossupe

a) Power

£) Speed

5432 Veloolyy

Ag very 1ittle iuformation was available regayding tho {low
sonditions ob 4=o0 tho aubher wished to got Lilzph of all a good
goneral, ides of flov disbribubtion.

Por that purpose the visual method wes useds The fizsh nete
wvorle of cobion tuwlis was plased at the digtance of 3.79 from the

impellere The obher twe network vore fitted slong the svostion nozzle
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10" aparte By turning the suebion nezzle 4 times bheough 450 the
whole sectlon ves visualised and o good pietuwre of the flow dilstple
bution was obtalned.

The velociby fleld in the mlddle of the pips was seen 40 bo
neubral, with no indicatlon of flow vhatever, and it wlight be seid
Bhat dpadespace exipbed in bhe core of tho pipoa.

Outside this core the velosity Lield rotated impelleruise
wlth indication of a sbrong fovced vortexs The veloodily field
between aore and pipe wall could he divided into o ennuli vhere
the jmner part of thls annulvy moved towards the pump and the onter
part neav the pipe wall moved away from the pump, Tho recirevie-
tlon decayed vapidly slong the suetion pipe and entively dled oub
before 1t reached the entrance of the sunition pipos No flow noves
ment wos obaserved at the enlwancse of the pipcs

Those first observations indicatced that the radial pressure
gradisnt changed Ats valve Tvom positive o negative.

Similarvly, fitted tults were used to investigete the dlscharge
from the ilmpeller.e The velosity distwibution wvaz falely consbtante
The vesulbanb voleociby near the pide walls was direcited touwavd bhe
impeller but oubward from the impolleor near the wniddle of the iosue
ing velooiby fleld.  Pressure gradient parallel bto the axls of rotee
tion was found to be consbant excepd near the side walls.

The type of instrunent selested for the mepsursuent of veloelby
depended on the geometricael conditions of the test and the accuvasy

vaguired, Further featiwes to be looked Loy weore those desirgble



in all pwobos for Clow survoeyde.

a) Sufiiciently pmell to avoid slgdficent alterabions in ithe

£lou

b) Messurement as neerly ag possible ab a poink

¢) Buiteble for uss in resbricted spucesg. oesy bo introduse
and sesl

d) Sufficiently casy to hawdls

For the preliminary btest the pifot cyl inder of the canbdilover

type with four opifices was useds The probs of 1/2% diemeter was
equipped with one opifice ab the proboe tip end the other thres
orifices in one soebion abt o distanse of M from tho tip.

First measwenents vore btoken in the suwstlon pipes (areful
avalysio wap paeds as it way goon that the vadiel stelbic pressure
grodiont chongod Lts direstion very rvepidly. This vapld change of
aeatic pressive indicated bthebv the digtense of bhe fowrith orifice
(1leas1%) was 100 big to glve reliable wosuilss. The worst piiuption
hoppenod when the probe vas plsted iu the flow ficld wherve the fivsgi
three owifices wove in the popltlva prescure yegion and the fourth
ono in the nogative prossure raglon.

The same probe was wvoed eb the discharges gldes Tho moin dige
advantages of this probe were found to boes

&) Flow was a:aasm;‘;;'brimlly gqusesed and dlsturbed

b) Pechuical conditious reguived two accesses to it a probe

Since the probe descylibed above wag not suitable for the velow

city measwrement no fuwvher comments will be hade.



Pirvat obeorvabions of the flow condiiliony at the dischorge
indicated that the velooily i’:!;eii;.d wes almoat '&mf<}»d:1monfsj.ona§.. The
flow conditlons alt the suwetion plde wero mm'é gumpliceated and 1b
yas apesbed that only modsrateo aseurscy of velogity measurement
gould be obialnsd.

A simple 1/2Y eylindricel probe wibth two orifices and bthe
abitached device for angle mepsurenent Wwas vsed. Seo plates Hos.
2 and 3o

1% ig Imoun thal lthe pressuve on bthe front of the oylinder
is egunl to the sum of the preossure heed and the velosibty head of
tho fluvide  The pressuwe falls oway on elther sido of this pdint
and at appraximetelds 40 dogroes the wall pregsure is ogual Lo
the stetls pressuve of tho fluid, By taliing moagurensnt of tha
progoura on the wall of o oylinder it is therefore pogsible to cal—
suloto the toted and stebie head of fiuid in which it is iugerted.
Sinee the distribubion is symmebrical about the dieneter parallel
to bthe lius of f£low, it is also possible to deduse the divecbion
of Tiow by finding tuwo points on the same c¢ivouwnferenae at whieh
the pressure is cyuol.

Great cave was token in alipmment of the probe with the rige
The Line dravn bobween the two orifices on bhe probe ropresented
the rofereace line to whiehb all the other geometrisel lines were
aligned. The appoavatus was considered to be aligned properly
wvhon the cenira line of ths gustion pipe and the cealys line of

inppaller malchsd in & horizonitsal Lline and fowmed an angle of
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90 degrees wibh the rofevence llne of bhe probe., In additlon; the
rofovencs line betweon the two ovifices had to bs perpendiculer so
thet the debun was woll Lixed,

Similar alignment was mede ab the discherge side vhere the
veforence line of the prebe snd sldeo wall of the eauing foymed an
angle of 90 degrecss Thae refervence line belween orifices had o
be oplenbatod vertically and oplfices faced away from the impeller,
thus the debun was fixeds See figure 1Ha.

The twow=hole probe reguired certain manipulation at each
neasuring point, Firstly the pressure ab each hole wes balanced
on o dlfterentlal manomoter ond the gtatic head meagured directlye
The total head was then obtainsd by rotoling the probe hthrough the
angle.0 8o that one hole feced divestly inlo the flows  Slmultone
eously, the pugle of the flow dircction wae takens See figure 10.

later 1% will be shown how the velocity al any poiat could be
founds The relation beotuween botal, static and dynamic pressures
s wusually expresged by the following eguations

})‘h = ’?:3'& * Péi 501
aud the dynsnic precsure could be exprossed by thoe gquabtion,

| o

13 = Tt Aoy

a 28 S5ed
giving foy the veloolly,

;C =4 ’;}%"' .Pd 5.3
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Tuo velosity components ab the suption side of the pump wers
found, seo figure .

Ly =0 sin 44

and
ALK 3 o8 Al 5 o
WNaDE

Ly = axiol velosloy

L# @ olroumferentlel velogily

L Ay wos divected tovards the punp Lts directlon wag taken
s poslitive end vige variQe

The voleclty couponenta ab bthe dlschavge sido wores as shoun
below, see Flguve 6

Ly =g 8ln Ad_

and

B% =0 008 Al 55

whera

Ly = vadial velosity

px - clrgumforential velosity

I£ Oy was pointad auay Lyom impollep the velosity vap congidered
as posidive and vice versts

Ih ig wderstood bthat in eduabion 5.3 specliic welght of the

moasurieg ©luid ¥ has to be known bofors velosily can ho worked oub,



5033 Specific welght

Spesific voight (weight/volune) ¥ of the aly dopends on atmosw

pherle pressurs by, ond on the reletivo humidivys The rolatbive

hunidity i the ratic of the ectual swount of water present to thab
requiretd te soturate it al tho sue tompersbvre and abt the sane
voluino,

A wet and dry bulb? hygromober was used Lo measure hunldity.
It conglobts of two thornometers of which ong bulb is aluways wob
() and the other i dpy (tl)e The differance in tomperabure
botuoen bobth thoermonebtors dopands on the walabtive humidiby of tho
alre

The following relationship dofines ¥ 3

- -{l(x’&% W, tw) 546

Slnce in our yvig the pressure end temporabure eonditions word
differeont to bthose in tho smblond atmopphore the coprrcetion for theb
digeropancy was modoes

The following equation for gpecific weight of the alwy was uged,

= e P 10“'6 oy i Y T . e
[ e g 0ul9 Bay = 04378 Ty +
+ 00,0359 (td « 'ist-s)] ' D7

which tekes inbto account incwrense in btemparabture be and tho changp

in preogsuca F.,. in the yig at the moasuring pointd
I &t &



¥ = spscific weiglrb[l(g/ mgj
PL = barometric pressure [ in H@;]

—y

P, = gtabic presswore pelobtive o sbmopphere lmm L‘J.G.]
-

3 . y . B s a lﬁ/" <

P, .= sabuwabed prassure of gteam abt ta [0/ in

0 o« line tomperatnre [QG]

td = dey bulb tenporabure [ 00]

Adthough tho ehange ln spoeific welight of aiy ab the susbion
side vas nol very significant, consgiderablo change was nobiced ab

the discharpe sido

5634 Ylow vote

The civewlatory flovw rate wes debternined ot the sweblon side
and at the discherge side of the pup. By visual obsorvation it
ves noticed that stpong decay of sesivonlatovy flow existed along
bhe pusbion pips. To obtain oxash date of the velosity snd flow
drgtributlon along the swebtlon pipe measurenenhs were made aerons
thyee differeut secblong, Ses figure 15, Dus to considerabla
valoelby varlatlion asross each scetion conplete traversen wers
made in order to get Tull profiles of veloslby distribution and to
minimise evrors in flow meosuvemento. It vas foumd thab the velow
r.?:l*&y profile abv the suetion side wag fRivly symmotrical so thet
only ona traverge was necessavye For convenlonse the vertical
bravorse ves aluoys laken. Tho digposition of the flov mezsuroe

ment planeg is ghown in figurve 15.
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The divcotlon of the fiow is the geme as bthet chopen fop the
valosity componond Gye

The flow entoring the punp ot the sueblon side and the fiou
diocharglng into the cesing were hobh taken ag ponlltives

The £low rate agrops any section ip devormined from the known
velucity digbyibublon and the ares of the section. By integrating
the velosiby/ vodive graph, the flow rate con be obitainads

Begblreabion of flow rato ab susbion sidos
Two pimple principles alveady knoun waroe used for flow rate detore
nination.

The flow vete i oxpresaed movhematicallys
r

i
o= 2%"/63[’6’!" = T Gyd&f’z) Deb3
In px*aﬂ'bzlaoe the equabion %.8 ig solved graphically. ‘The
volondty ot ench point of the treaverse is mulbiplied by the cowe
responding radins and plotted along the radivw. It can be ssen
that the apme vesulbs ave obtained by plotbing velesiby againgt Mt
Seo Ligure 17. The graph is fiaplly intograbed by planimetor
and the apres ohtained 18 divectly propovtlonal 90 the flow robo.

Whon ths traverso 19 mode asross tho whole diametar of the

pipo the flow wralte Lesomoss 0 r
1 r
O = 2?/ Gy rolr w 2T erolr w 2T Cy rd?‘
= . - f’ Fe)
0 e
Gr rd o 2
~r
vhare . o
!
¢ %‘ 5410



FIG .17 ESTIMATION CF FLOW RATE AT THE SUCTION




Generelly, if travorges across the whole sectlon are mede

the flov rabe leos

Q' 2L g, rdr AT . rdr 27 ,crrdr 0 n
. n |77 n
; 5411

where
"} G
. U ﬁ )
S S 512
z] n«’

b r
= ] ,c,rdr + /,CY r‘ch integrated srea 5ed3

In owr case one oy bwo travorses were usually mude. When
only one traverse was made equablon 5.9 was used, but when two traow
vorses were made bthwe followlng ecguation was doduceds

n o= 2

T«Ill'z Ta

Actuad flow rate is then

Q= «Z: A 5014

The eguation 5.14 vepresents flow rate acrogs one quavrter of
the seatlon.

For "positive flowl the fiiov rate aarsss eath quertor of the

gection les Q: . 17:’ ': 03 . & N :
1 I 1 7 6
0‘2 = L F!lz OI; = 4 94 5.15

and the total average flow rate besomes:



o7

. \ . w
Qo= o7 A e A, v A+ AL ) 5ol

Similarly "negative flov® anvoss eash quaviter of tho section

1s3
R _lIL“' ® M . T T
@ = 7 & @3 ¢ By
“ o i i . i .
¢, = T A g o= T 5al7
endl tha tovel average flow ralte beloness
, T " U W . 2
) = «2‘— (A’ 4 il , ¥ AJ & 15.: ) 5 o 153
For gontlnnity, positive flow end nogavive £low showid bo
et

Egtimabion of flow rate ab bhe discharges
The nverege Yponitive flow? rate vay obtainsd by the following

oguabion gse Tigure 1

b
o = 2TR /C,,dfo = 20 gyt
(A

5639
whoere
gb s / Gy db ~ inteprobed aren
b
and
b « wdth of the casing
R - wedivs where veadingy vers taken,
prd for "negative Llogh
' b
it
g = 2-7”2/(} db =27 an - 5420
o
whero .
b
. .' »
B = j 9 db « invegrated avon.
o

Fow continuity, both flove should bae oquals

{ 1
g o=
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L%

L%
W

Total prassuro

Tobtal pressure al any point ls defined by oguabions

N Ly A 2
Py ® Bey v Fom Py 50

Dus o gonsidereble veriadlon of tobal and ptevic presswre ab

the inlet the avorapge total prescure seross v messuring scation

was roquirod,

Tho gvorapge totel prespure aeross ono dismobor ig oxpyossed Ly

r
Y
. T/rl?c),rdr

E =7 2 454 27
§ QR @ .l

whoro

e r

Pe ' ,
A = [ 7rdr * 726}?‘ ol w intogroted aven 5422

B & )
and
R’ tolal presoure at mensured point
' ~ LS -

The quantiby { 'Pé ¢y r ) was plotbed for several poinbo

along bthe dloueter es shown in Ligurs 12.  Chvionglyy the avea of

tho pbove graph vos equal vo the inbtegral defined by btewvim Ae  Whon

the btexi A was divided by flov velbo Q, the average botal prossure

vag obtained.

In o eldtvatlion where vaprlatlon of bobtal prossune wos nob vony

plgnificant (ot tho dicehavge) the avarsge total prossurs was Aircele

1y obtained by intograting the totid pressurs plots

Tho botal head definibions ag dofined gbove were used fop

popitivo apd negetive £low with corvepponding variablos inteodused
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inbo eguatlon,

Kaowing the average total heed ab the discharge and at the
sustion side éb.e average total dlfferential heed was easily worked
Ot

The average btobel dlfferential head foyr positive fieow ius

Ay = Hy =B 5023

r
o i
(JT 'r,q,! C}; ?’OIY‘

He. = M / 24,
A .al éﬂ bl g 2oy
and tho average botal differentied head for neogablve Llow
IV . =] Il el x
4l ta " Yy 5425
e ra
: - W LptCy
An‘%.‘.:?. o Il‘m 7 —
Q
wharo
> _
H‘b q = 36(1 - gveraes total heed ob bthe dischaprgo
i
Y . ;
e = 4., = average tobal hood et the sustion
| £
) =1
H, = "k,  « total hond ob suction at any point in tho
J’
ragion of pogitive Llow
“ )“ -
11% = igm « total head at susblon at any polant in the
r

ragion of negabtiveo fiow.
Boslde tho above head a sbtatic wall pressure lapplog was made
ab the susbion and aﬁ the diacharge slda of the puwap whore stabic
pressure voodingd vere boken. The pressure tappings vore placed

one in esch planc of dthe propoure Troverssis



In additlon woll gtetice pressuve tappings were mode in the
badl wall of btho ocaping, along the vertical Lino sco that the slovie

presours gradiont conld bo obporvad.

535  Pousx

Power was messured by o svinglng filold motore Uelghing the
raasbion btorque end measuwing bthe gpeed sllowod Lhe powed CONLUMADe
tion to he wopked oubs

N = G @ = My [ii 7 5] 8 o0

whore

w::s';r-n

o Teay

30
G« weight ﬁig}
1 = Qa3 [nj longth of the avm
M = Gl - torque  |Kgn]
Pubting w in egquation 5.25 and changing bhe unlbta, cgvation

5,56 bocornoes

o M " oo
N a%?]% [ He P} ‘ H5ad7

which peprosonts the power fed into the pump shafte

The power imported to bhe liquid is expressed bys

Q. u/é [12.] | 5,25

w?mmmnx’ﬁ%

The equabtion 5427 and 5.28 can be linked if the effiglency AZ

Lntrodusad.

Zuiv
el



N = Hen = o Q,,;.. o H{ ra 5429
A i Se

andd it Pollows thab

[T 5,50

¢ o3 7 e 1 4

The | leot cguabicn vas usel Lo oxpross the power conpumption
ond by oliminating the specifie welght differont resvlis could be
conparcle

The game eguabion 5.27 wvas used vhen tho ovtlet of the lmpel-
dor was Dlesked wpy wibth Gope ond bthe Lrioblon lousos N 6, wore neasureds

The outpub horse power ot the suwtion side wes determined by
the equation bolows

r
l
h == H:W-/r/{‘f cyr‘dr'

9 7 )

whove the samo techuiquo bto solve the sbove integral wes applied as
in cage of the total heed.

To define the oubpubt hovso power st the discharge the following
eQuablon wos useds

N, %

ERINDPAC D ST A

a 5 Ha32
Bguations 5.3% and 5,32 were epplied separately to posivlve

and negabive £lcd.



Ge3? Speoed

The impeller was kopd running ab o consbent speed of n = 2520

RePoMs The spocd wayd sonteollod ond meooswred by strobossopo. Hith

the ald of the apesd variator any reguived speod could be ashieveds
In additlony o tachoneter was uged to eplibrate end cheol bthe strobow

sasope bub only ab o certain spoeds Hhon the syobom wps sod no

vaviabions in apesd were obgerved duving bonbie



Ga BAPBRIMENTAT RESUITS

Gl  Inteodusition

Since the conditiong alt Llow rate U=o ave fairly scnplicaied
it io wine to analyse the flow patiern of the sustion side and flou
pathern ab the discherge gide separately.

Due to the considerable nuuber of veriables whieh affect the
flow pabtorngy only some of the goometrical vaviables will ba oule
Jined,

The following geomotricel variables can affect the porfor-
manse of flou-hoad charactoriutics

a) the number of blades in the impellew

b) the inlet and ocutlot diameter

c) the volute shape

4) the inlot snd oublet blode angle

¢} the blade shope and length

£) the convergense of bthe impeller sheouda

2) the oye dosign (L.0. shapo of the suction nozsls, position

of the inlob odgs otcs )

h) the clearance gpage batweon bhe fixed wolute and rotabing

inpellier

Bepides the foregoing geometrvical variablos, the performance

off the fiow bhoad chaproctoriobles cen be affestod by certein hydraiie



110 parmmeterse Mors shout these phenomens will be discussed
lotor. |

Only some of the quoted goometrical variables wore taken into
agaotnly 80s chapteors 3 and S5« Tho obhors were sinplified in opder
o enable the agbhor ho undorastand tho complicaled nature of the £low
ab shubw-off conditions,

Firsh ladications about flow phenceens were obtaeined by uvslng
Wity o8 a visual mebhods When sufficient information wes obtained

the mers precise method vag spplied by noans of o oylindrical probe.

Ge2 Thoe sunibion side

Numevous bvaverses ab tho inlet and glong the sustion pilpo
show on iuberesting flow patitern, See £igures 20 (1) to 20 (18),
By oualysing the flow pattern aoross cach section of the suction
pipe the flow fisld can bo divided into bthree sgoparate reglond.

a) the core

b) the inner gnmulus

¢) the cuter apnulus
and the folloing qoncluaions can be drawns

a) Theve is wo jindicabion of o L£low pattern in the cove thorew
fore o dopd space oxists in vthe mlddle of the plpos

b) In the innor amaulus, the velocity field roletes impellore
wiso and noves Lovards the pPumpe

¢) In the outor eomilus, the veloclty field rotates also
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impellerwise and moves swey from bhe pumpe

The navure of the veloolty field end pressure distribubion
vas found to be symmebrical about the pipo exis. The symmetry of
the volocity field awd pressure distribublon wvas retalned albhough
conslidorgble variatlons in suction diameter, number of blades and
voluto rlug diametor were mado.

The size of the core gradually incressed with increage of the
inlet diametere Some data of the core ratio for different diameber

rallo are shown belows

Dlometer retio Dl/ D2 Gore wratic Dc/ Dl
U 35 el
(.40 0,27
0,60 O 35

By plotting the foregoing values il can be seen thab the core

roblo D/ 131 approgehies an asymphtoticel valus and almost resches ils
matimum ab Dl/ I)? 3 Debre

The inflnonce of the manber of blades and volute ying dliametoer
on bthe gize of the core is nesrly nogligiblo.
Thug, thoe conclusion can be drawn that ot constant speed thoe

size of the goreo depewls on the diameter of Uhe suobion nozzle,

Singe in the wveglon of the core thore is ao fiov the toteld
guation head and gtetic suetlon bead are oquale
The inner apnulug reprosents tho avea where bhe axlal component

Ly of the ebsclute velocity L is directbed touwavde the pump., The
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aree of the inner snnulus muliiplied by the axial veloeity componend
Gy yields the flow rate papeing through the suchtion nozzle tovards
the pranp. |

The flow rate pasping through the lmner annuive depends very
much on the pustion dismober of vhe pump and 1itbtle change is noticed
when the pumber of blades is changod,

The ralblo of the Lflow rate in the innor avnulus Lor the 7 and
12" pips dismeter is in the order of 1:;3, This rabio veries with
the volube ping damoter eud beoomes smalleor 1f the volule ping
diamotor is redusad. Hee Liguve ZL,

The outer anmulus repragenbs tho aves whove the awial component
Gy of the weloelly ( ieg divected auay from bthe pump, The product of
bobth gives bhe flow rate pagsing through i,

The squebion of continuiby was satisfied by finding thobt both
flow rotes in the inner and in the ouber sunulus were equal, and s0
the conslugion drewn above fop the flow rate in the inner avnulug
con be adopted for bhe flow rate in the oubter annulus respectively,

Heferring to the angle of the absolule veloecity in ths inleb
traverse plane I, bthore is a good indicatvion that bthe angle vemain
feirly constont for any alteration in geowebry of tho pump, The
absolute sngle of velosiity in the outer annulug is in the renge o?
to 15%  With rogard to bhe absolube angle of dthe velesity in the
innox snnulug, bhe angleo varioes gpproximabely fiom 0? 40 30%,

The angle J. plotied ageinst pipe diameter forms o enoobh curve

with an interrupbion in the middis of tho pipe vhere bhe cors is {ormed.
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The disbribution of the botal head acroese tho suveblion diameber
varlies very wapldly. Trom ibs moximum value near the well it falls
gbooply lowerds the genbre of the susbion pipe. Besides, the vobal
head changes 1t value from posibive Vo negative prelaitivo Lo atmogw
pheres A gimilapr disteibubion cen be fouad for the static head ale
though in o diffevent scaloe.

At the point whero Hthe statle head becomes sero the saxtial velotity
component Gy alters ita direstion by 160°, Alterpobively, the conw
clusion can bo drawn bthat polnts of zero stutlc head along the suvetion
pipe foxm a cylindeical surfaco which roprosents the boundery betusen
inner and outer annulus,

similarly, bhe points whero thoe statie head and totel heed linss
eroas represent the surface of the core. The core is obtained by
dinking the points of egual atabic énd wotal head together aleong the
auatlon pipo.

“he eonclugion can be made that the swuefese formed by the tohal
pressure agprﬁmim&tea that obtained fyom o forced vervor,

To got addivional exporimentel data for-the above ptatoment the
meosurcnents were madeo in thveo diffovent planes Ly LI, IIL along the
guation noazle. See figuve 22 and fgurs L5, Similer pattorns of
hydvaullc pavamoters were revesled in essk plane with some yedusbion
in head and velesity with distance from the punp.

An intavesting bobaviour of tho suetion head in the inner ohinUe
dug was observed vhor the goomebry of the pump wves altered, Iigure

23 shows the susblon head plotted on a base of nuwber of blodos
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An ophimwy in sweblon head ig found in o vange of aumber of bledes
botween % = § to 1Qs A consldorvablo insresspe in sustion head io
shoun fop any nunbor of bledes when the diamcter of the casing is
enlargeds. A great increpse in auvcltion heod is alsgo noviced if the
inletd diemober is onlarged, end this applled regardless of the nunw
bawr of blades in the impollor.

Modifiication in geomebyy of the pumps affsets direstly thae
tobal hoad in the owter ennulus. The clianges of .'E;o‘isal head ove
shown in figuve 24 for diffevent numbers of bladesy; different inloh
dinmeteors and different diametors of cosings A study of the cuwves
shoying the change in tho total heed for differeont goomobtyrical vari-
ablesy shows that there is o similar behaeviour to bthab fouvnd in the
loney annudug,

The sugtlon head choracterietics gre. pgenerally flabt, bub o

shexp drop in total bhead is chsorved abt a = 4 nunbor of bladep,

Ge3 Pischoree

Since the eylindeicel caping and lmpsller aye symmotrleal
pboub the pxis of roiebion thove Lo no fundamonbal roason why tho
data obtalned at any other point having theo sano rodiung around the
impallor should be different.

Thug tho yreadings taken ab only one point abl the redius B = 260
ﬁ'mn] wore gongidered adaequait. Saversl resdingd Wore talken across

tho widbth of' bthe casings
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Although the discharge was bobally blocked visupl observation
indicated thal a cortain flov vacs envoring amd leaving ihe casing.
later that indicabion proved to be Wruw by the rosults cbialned from
the oylindricsl probe. Soe figuve 25(1) to 26(18),

The surprising fact, although not wexpected, was rovealed
hglf of the orap vheve meepurements ook place Was iaken up by oG
ward flow oand the other half by inward flou,

The tobal aves wheve the reclyeunlatory flow ccours is splid
inbo three gesitlons,

a) The niddle section

b) The two slde scotions with one cloge bo the baek shrovd aond
the other glose Lo the front sheoud,

The middle sestion iitself talkes balf of the totel avee end ls
aglightly off ceulres. The displacemend mostly depends on the dia-

meter of the volute ring D, ond inlet diewoten Dl but thers is 1ittle

3

change in position whon the munber of blades iz vordled.

If the dlameter of the volubte ring wvas changed from 1)339,;.«3"
R74M 10.36Y and if the impeller remsined unchanged bthe dlsplacement
of the middle section was gradvally reduced and for volubte ring
Dy = % Lt alnost dissppearads

vy keeplug the dismetor of the voluie ring 133 gonshand and
varying the inlel dilasuwster from 3'}3 = e 88 apd 129 the paxiwmum
middle section displacenent ccours ah By = 124,  This geeus to be
porticularly significant for the volube ring diemeber D } = 23.8%,
The displacement almost veaulshes ot the dlameber l}3 = 264,
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The obther hwlf of the bobal avea taken by the two side soge
Cbions is nob equally divided into two pawbtibtions. The partition
near Lo the front shroud is always smallor than thal near to the
bagk shrovd for any veriabtion in goomebtey of the pumpe
How both parbtitions vary 1L the lolel dlameter ﬁl and the
nunper of blades & are changed ls seon froim the exemple listed bwlw.

The volute ring diamotewr DB was kept consbanbe
By, = D=Lam Dy = 2748
o ‘yla P
16 06397 0,305

"

& (.02 0e 575
4 0728 0,67

vhore £, « area 0f the partition olose to the front shrowd

“

i

£y = avos of the partliicon ¢lose to the back shroud

Howover, i¥ bhe diasnmeber of ths sasing is enlarped tha rabio
P 124

fl/fa wlll increnso.

Analysis of the flow pheoncmens ob the dlocharge of the impeller
indlceted no offect of inled diameteyibl on £low rato. Soe Liguwwe 26,

However, the diametor of the caging DB and the aumber of blades
Z, show considerable influence on flow conditions abt the dischavge.
By increaning the diamebter of the casing and bthe nunbor of blades the
fioy rate wee lucrespod aud reeched its weximum ab Dy = WP and at
g = 16,

The oxperiments spoinfied the eguation of contlinuliy by showlng
that the flow rabte in the middle sechbion was equal to the sum of the

flow pates in the tuo nidse 9eobionsa
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The stebiec head digtribution measuved acwoss a uidih of the
volube was found Lo be almost constant with a slight decrespe in
vhe region where inwerd flow ocsouwrreds The inlet diuweteor wap bho
only pesremeter which affecbed the gtetic head distribuitions The
axperinents showed thal on inervease of inlel diasmeter the gietilc
head decreaseds

The tobel head distribublion in the measured seetion was Loivly
constant apart from tho reglon where inward flod took plece. In
that voglon, messvrements iadicated g greet incwvease in bths botal
hoad.

The meaning of the total head will now be considered fwom
o dlfferent gopscotas

a) The total head in the casing

b) The totel head which will be split into two seobions namely
the regloneg of dnweard and ouluword flowe

feferving to (a), the average total head showed a certain dzop
in head 11 the volute wing Jdismebtor o inledt diemeter wore incrapsode
The drop in votal heed was most mavked for the auvuber of Lladews,
% = 4y ab the volute ving diometer DB = 30" and ab the lnlob
di.oneben Dl e 120,

The bahaviour of the average btotal head in the region of ine
vard and outwerd flow coan be geen in Lfiguves 31 and 32 The relas
tionship botuweoon the total hosd in the casing (£1g.30) ond the totel

hosd releted $o the vegion of inward snd oubvard L£low ig as follosss
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The commanby on itom (b) fros the physical poind of view will
be glvan later in chapber 7.

The engle oA of the abhsolute velosiby 4 at the dischorge side
of the impeller is very senditive o the dlameber of the voluvbde iag
133. The other geometrical vardiables do affect the anglo o bub in
losocr dagrece Veriation in the angle oL was from ¢? o 10° in the
region of the inward flow and {rom 0% %o « 10”7 in the region of oube
ward flove Thoge figures changsd with the goometzy of the pump and
hod the lewest vayiablon ab 1}3 22 23,87 and B = 4 vhore o, = e A,

Tho plot showing disteributlon of the angle ol seross the moge
guved sooblon has o snookh shaps with ite mexinum somewheres in the

middie of the seolion and ibs mwininun near the slde wallo,

HGede  Power

Adithough high aacumey of power measurenent camnob be Iﬁ%illlﬁdu.
the resulis obtained ave thonght to bo falrly rellable. 'I.ﬁ fipgure
27 vhe povey consuwaption is plotted ageinst numboy of blodes.

The variation of power consunption is very cignlfisent when
the volute ¢ing diamebor D 5 OF bhe inlelt dlametbew DJL 212 ingrensed.
The number of blades 4 doss not affect the power consuwmpbion very

mieh slihough o maximge can be nobtleed holtween 4 = 8 to 10

The friction losses owve shown in figure 28 for inlel dlawmeters
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i

131 = P ognd D:j = 12%,  The fyictlon losses for the imlet diametex
L}l = 8 gere not megewred and ware taken egual bo the frietion losaes

for Dy = 74,

When the fricbtion losgen were measured the oubtlot of the impole

ley was blocked by meaunsn of selliotape .
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'’ ANALYS IS OF RSSUILES

7ol Pump agtlon -~ tuvbine veaction

The phenomenon whieh for a long time hap not been explained
and fully analysed iz veairsulation. [Lack of jafornation as to
what happens at the inlet and at the discherso when 23%0 was the
maln dravbacks

Many questlons arlse even 1f the problem is simplivied ap
follows. Since the discharge is mero the oulput powver is zero
then the lnpub power should be equal to the sum of bhe mechanicel
lossy the dise frictlon loss and the leakege lopss DBut in facd
the meapurced input power is greater than this.

betniled analysls of enorgy and flow condibions reveals the
mechanisn® of flow phenomena abt o,

The ectperiments vordify bthat considerable flou exiohs ab the
discharge of the impeller. TFlow theough the lmpelloy and through
the measured aves can be divided into two components:

a eiveular floy avound the exis obf rotabion and a through=f£lov,
This flow definition ls schemalically shoun in figuve 39, vhere the
vasulbant velogity is divided into tuo componsnt G and 0¥

In additiony, bhe physical meaning of the vesultent veloelby
is oheonged if the angle o changes lts sign from positive 1o negaw
tivea

When the resultent velecily leaves the impellor and the anglo
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is negeblve sush a velescity tvlangle ls usually roferved to as
the punsp veloecity triangle.

If the rusultant velosity enlers the lupaller ol bhe dischavge
and the sngle AL is positive such g veloolly triangle is called ture
bing veloclty trlangle.

Zince the two bypos of welocity triangle appesr to exXist atb
the discharge; alibough abt different places, indicatlon lg given
that the impeller ilself works under two different physical condi-
tlonge

o widerstand the phenomena bebter the actual impeller may be
thought of asg divided into two sepavate Pimpellersh,

a) The impeller having pump velocity brisngles

h) The impellor having turbine veloclby trisugles

Fromw the fovegoing rensoning the gtreightforward conclusion
coll be mades

a) Part of the impeller acts og a pump

b) Parbt ef the, impeller acls as o turbine

¢} Both getiong hoppen in the seme impeller at Hhe same ULike

The pump agbion area coyrvesponds to the region of inward flow
and the turbine resciticn axrea corrosponds to thse reglon of oubuard
Flove

Iu geneyel, the middle part of the Impelleor acts as a punp and
the two gide parts act as o turbina. Similarly, the average total
head sl discharge can be dlvided inbo twe parts as regards the posle

thon of inwerd and oubtward flow oreas
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8) The average pump total hesd

b) The average burblne total heed

To gupport the above conclusiong pouer oxchange will be ennlyw
ged and the Tull meoning of bthe above statement will boe yovealed.

The power gpplled to the fluid by the lwpellers

N;:} = fd Y4 Hy = I Qaa Hy 7ol

and the pover returced to the impeller

\

- ; 2 A\
N'is ™ d;I‘ Q 3 IId - ol o Hﬁ 7.2
whoye Qd « phe civeulatory Llow at dlischarge

R, = the eiveulatory flow at guetion

Y1 - the ppeoific weight of aly at discharge

¥, =~ the apecific wolght of air at sustion

Hd - the total head at dissharge belonging o the vegicn of
inwaxd flow

Hd - Ghe totel head ab dischavge beloagiag to the pegion of
outward £low

Hs « tho suetion hoad belonging to the vegion of inward flou

H; - the guetion heod belonging Lo the region of oubward
£law .
Kﬂﬁqﬁé

The difference bobwesn bhe power applied Lo the fleld and the

powery returned o the impeller yiclds poet of the power which ig

gsupplicd to the impeller.
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AN m pr o I\Lﬁ

H.)

L]

_ L .
= {0 4y By = L4, B =C & 9 By ~ &3

el y \ ‘
= by Q - Hy) = £ Q (1;1&3 ..ﬁs) 7e3

g
In the above equation it was assumed that the discharge flow
Q =
several eonclusions can be drawn from equalion 7.3 by snalysing
it and introducing different fluid conditiongs
6) The first conditicn
Tho recirculatory flow Qd and QS exist but the term
Hy = 21:1 =
and

0

\
{
23
It follows that

Hﬂ-! = 0

PO |
Ild-_fid

and

Hy = H’::;

This would be an ldeal cape atdl thers would be no losses
oither ot the dischavge or abt the suctions The power appllied o
the £luid vould be retvened by bhe reverse flow wihich produces a
turbine regction on the impeller.

It would folloy that

& N =190
b) The secend conditlon

The yeciveulatvory flous ch and Q a oxist and the beims

Hg =m  #0
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This was the situweblon which cocurred in the aporiments digw

eusgad in this thosis -and the following additional condiiions were

founds
. I
ﬂd > Hd
o
)
I%} £ Hm
Tha povor gpplied Lo the?%iuid besomess
NQ a ‘fst Gq By - J;‘ Q,, uﬁ) Tods
and phwor vebuened to the lupsller i
1 i
) G ' win K 1
m= {0 F 9y Hy = &9, B) Tob

uhore the difference is equal to tho pardt of the pover epplisd
to the shafte

AN = z»:ip - Ny 76

Fovation T4 veprosents thoe pwap acltion on the fivid end cgyugw
Bon 7.5 the thurbine yoaction of the fiuid on the impeller,

Bouabion 7.6 fully explains why the power applied to the shafb
is grealber than the powor necded to sover the friction and mechanical
105&&3.

a) The thivd condition

A certaln dischorge flow W is egoumed, scoompaniod Dy & Foslye
sulatory fious Qg aﬂﬂ'%ﬁ. Although no experiments have boen medo
for this situpbion gome preliminapy conclusions cani b drawi.

Thus,
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R #FO and @ £ t;'.-;i,ﬁ

where “%

in the nemiasl Llar ab design poluts
dguation 7.3 hos been changed and the new form is arvived gis
Al =g ( "‘a.e:'uz in a,},uablg.ox; Te? .craz_;rogons,ﬂ B., "'Jf '“3 H’s) 7"7

The first term ik eguabion 7.7 reprosents tho pouer which is
necossery o ensrgine the Plwid end tho seoond term shows bho powor
rvoturn to the impoller.

Iy is eleay thet by inoressing the flow rote ¢ the Lipst toym
will inervoase ond the sccond torm will deGroase. Tho part of the
power gpplied to the shafd will be higher than the power exprossed
by equation 7.6

d) The fourth eondition

The discharge flovw § veaches the flow predicted at the design
point i.c. 3, and Yhe recizeulntory {low alwost diggppeevs. The
payd of the power pppliod to the shalt bosomess

Al =g (&G H -y ) (2

Analysing the foregoing dedustions some objoobtlons could bo
mede cougserning bhe axperimentsnl conditvion. Hamely, the suction
condltions vers nob measuvred ot the very entranse of the iupeller.

The aubhor belioves that by messusing the sustion condibions
noaver bthe impeller cubranse (which would be technically Very Ailfie
oult) the last tezm in cquablon 7.3 would ho slightly changed but
the physical memﬂng of ‘the problom would vemain wnallercd.

The oabove snalysis doss pot show what the 'hdg.l pouer applied

o the ghaf't vas uged Lfov. Only one part of the votal power and
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dts physical wmepning hes boen explelnod and eXenincd.

fb iz evident that an additlonal type of energy dinsipation
ig talting place inside the pump thet cannot be ipgaorede There is
no doubt regarding the nechanisy which causes a large proportion of
the pover dissipation. Although ensrgy bas been dissipaited from
the hydwaulic poinbt of view, 1t has in Lfaed boen bransformed iabo
heat energy. Singe wo fluld could escape from the system Lo carry
away heat with 1b; the resulbd vgs bthet the ailr and the punp cvapidly
bhecams bhotter,

The direct mepaurement of onergy tronsferred inbto heat is
vory difficulb, oy that rcoson the total power applied to thoe
shoft will be divided into scparvate torms.

. ~ - “ . . .ol ,
N o= AN L\Ifr : Nhﬂ‘d.’h ; L\m(:?i} e

vhera #  «  total poder applied to the shaft
AN = parb of the power applied to bthe impeller, see oyupbtion
To3

Ne, = Erlotion losges

thyt =« hept lossoes

\ w mechonical loppet
£me,=zsh. mechonical lospes

Tho firgt bexm AWM bas besh alvendy dofineds The scoond teyzn

W

involves bhe logses davged by friction vhen the oublet of the
impoller wap blockeds The vhivd tarm represents the heat 1oss,
Hogt of the mechanleal losses vere oliminabted before any oxperiments

took placs. The romaindor of the mechanical losges was vory small.



It consisted of friction losg between bthe shaft and the narrew falb
wing end mpy bs neglected withoul much ewrow.

s o

Tha diffevence of power

N Ni‘z? = AN thm‘i} Yol
roprosents the impud povor and at bthe game tlma shows the effeabivoe
noss of tho systom,

Tho sirong influsnee of the geomobry of the pump on povwer
conpumptlon is observed, To wderstand this phonomenon the hydrous
lie paramaters corresponding to o cevbaln pump have to bo asnalysed
separately. Lo addition, a detalled study of the totel head distrie
bution and the recireulastory flou hag to bo made.

In figage 50 it is shown that the highest digcharge total
head ia 6bﬁained in the smallest voluteo wings By uding these ciperie
mantal data bthe contlusion san be made thab the meximvm total hesd
wonld be obbained in bhe volube ring when the diameter wes eywsl o
the dianeter of the ilmpellere It i3 uvnderstocd that the tobtal head
an obltalned would not be egual bto the theoretlceul btobal hoad. Due
to the losses at the inlet and in the impeller chonnel, the thooreti
cal botal hoad would be oven groators

The study of the recirculatory flovw ghown in figuve 26 supporis
the above concluslon. In the large volute ring the roeirsulabory
Llcy was Lound to be blgger. Thio pheanowmenon isg roilected in the
reduction of the total head at bhe dischavge.

Studying the wesulis plotied in flguve 30 a redustion of the



ONISYD - a3l FHayHISIA OF DI

P
ceea e
sdesdanrn

ceeegroen




162

bobald hwed is noviced when the mumber of blades 18 4 = 4. This
indicates theb addlivional logses mush oxist in the impeller chennel
thus redveing the discharvge totel hoads

It e balieved that o slrong velative civeulation lo fovaed in
the inpeller chounels., L€ an impeller chapnel wore filled with
fluld end elosed at both ends, bthere would be an eddy wotation in o
dirvection opposite Lo that of the impaller. Since bthe conditions
reported in this vork are vory similar to the ebove asgsuvmpbion the
eaplanation can be pecepteds Also, it is reasonsble to baliove
that relolive eddy will be well aproad throvgh the impeller chaxmel
when the number of blades is small.

The conglusion can be drawe that the sbove regsoning shown
the cause for g sudden drop in the total bead for o swmall numbsy of
blades}

Figuves 3% and 32 show the turbine and the pomp tokal heed at
tho dischavge., Bobh parancters follow the sane pattern as secen in
figuee 30, This is obvious since the totel head plotled iu Figuwre(®/
rapresenté tho mean velue of the turbine and tho pump totel hesd.

Taking jato accowmt tho dischovge recireulatory Llow and the
bobal head caused by the pump setion and turbine reaction, the ouvbe
put powor cheresterigtles ab disehorge ere obtalned.

The pattern of oubtpub power charscteristics is opposite bto
the pabtern of the total head charocteristics. ' The turbino and
puap pewey charactoristics are intreased by increasing bhe dismeboy

of bthe casinge This 1ls due to the recireculatory flow which ig
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very nuch higheor in a lapgeyr caginge

The eflect of twrbine reaction and pump ection should be studied
simullanecusly.  An incorceet conclusion may be deaun if for instonce
turbine reacvion only is considersds It would follow that by ingree-
sing btho easing dlameter, the turbine wresctlon would be bigger and
consequently the power applled to the shait would be smoller. Such o
conclusion 1lg entiyely uwrong and exporimenial repults confirm bhat the
impeller vunning in the smell casing consumes less power than the
impaller runniug in bthe large casing. The exchange of pouexr in the
impeller and in the casing 18 far more cconomicael wvhen the smplleyr
casing is used. [In short, the "eificiency" of o small casing is
highmr; Theso results lead to the similer conclusion arrived at in
aguabion ?.3:

In addition, the oulput power can be worked out firom the data
plotied in figures 256, 31, 32, It j9 {ound thaet the power characiter-—
istics follow the pattera of the flow chavecteriatics as show in
Figure 20,

Studying tho behaviony of the wecirculstory flow al the dige
charge, figure 20; no signiif'icant differences vere observed when the
digmeter of the suehbion pipe was changed, This strongly indicates
that two separate vertices oxist at the sustion and eb the discharge
sidee

in figures 23 and 24, the puction pump head and the burbine

head are plotteds The tuvbine head (figure 24) is much higher than
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bha pump heads  The tuwrbine head et the suction of the impeller is
congidered s o loss and apunot bes usod, On Lho other hand, the
turbine hesd at the sustion side of the impeller can be wsed as a
meapure of bhe efficlency of the turbine rosetion.

The behaviowr of flow chavacteristlcs at the inlet, ses {ipure
2l, shows the significant influsonce of suction pipe diameter. A
audden chenge in the shape of the flow choracteristic, paprticularly
at 127 suetion pipa diameter; is probably dus to the basic foature of

the impellere The impeller with the larger dismoter retbic D-J:/Dp

gives o higher spscific speads This s due 1o a change in the {loy
which alters the patlern of the impeller characiterintics.

Congiderling the recirvouletory flow at the discharge and at the
sustion, at hoth sides the sane indication is shoun with wegard to
the influense of the volube ring diometer, When the small ring uas
fitted the vealmoulatony flow.dindnished snd with the large ring the
recivenlalory flow wes increassed considerably,

The conclusion can be wade bhaot the pump, when fitted with a
lovge volute ring, was loss Wihroitltled® than when uged with o small
onge  Fhus, the casing did affect the {low conditions st the suztion
and at the discharge irrespective of whether the flow lines ot boih
aldesy weore lialked or not.

The velocity diagrams obtained by experiments av the discharge
and suction dlndicste o flow motion whioh is depieted in figure Za
Two soparate veriices were found. Ono close to the bacok shroud whish

is spresd only slong the impeller chabnel and the othor one close to
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the Cront shyroud extending far along the sustion pipes The oxioiie
gion ol bho second flow patteorn depends on the shapes of bhe guavtion
pipe, the friction and viscous forces governing along the suetion
pPipse

The guestion which immediately srises is; whore doeg the bach
flou have 1ts source? Two explanations can be found which in gome
cages cen ba linked togethewrs It is obvious that across the cleapw
ance between the fixed volute ring and roteting impeller a high prese
sure drop exists which can cauge bthe batk flows The clearance Liself
coulﬁ be reduced with a more expensive design to the renge vhere no
leakage wopld exislte S0 the problem of cleavance, irom a purely
hydroulic point of view, is of no importance, Bub it is undersiood
that the question of clearvsnce as far g8 Lhe fan i concernsd is
very important when eony rosulls ncar & = O gre analysed.

The other source of flow ie inside the impeller vhere inward
and outward flow could take place. The experiments contfipm that
sush o low exists in both directions. The £luid floys theough the
passage and since bhere is no external sink it follows that the {luid
must {ind its way back through the roitor chanmnelés The flou taking
place from a high pressure vegion to s lower one explaines the work
which must be done on tho cobore Az a result of the backward flou
through the rotor, the bturblne rsaction and 1is power applied to
the impsllor ls éreated.

The peyrformence of the flov conditions along the sustion pipe

ig very much affected by the friction losses. HNeglecting friction
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effest the vhird wvould continue to spread slong the swotion plps
unless external focces were called inve pley. Howover, due to
viccosity vhe energy of the wecirculabtory fiow lg quickly desbroyed
and brought %0 rests The decay of resireulation glong the suction
pipe clearly shous how powerful the visgous forces ove and how repldly
the reclreulabory flow dies oubt. Sze figure 22,

bt is obviouwg that both bthe inward end outwerd flows are influe
ehced by vigcous forcos aud affced each othore This offect can be
bermed “viscous induction¥, The digtwibubion of flow along the
suction pipe in bobh apnuli can be explained by vissous forcesg. Lk
flgure 33 the flow lines along the suction pipe ore depicted and the
entire suctlon pipe is divided into numeprous partiblions. 4b secbions
more disbant from bhe pump lesw {low passes and Linslly the pesition
is resched whoro no flow exisbs. AL bthat polnt the enerxgy of the
reciveulatory flow is entively destroyed by the viscous forces and
by fricbtion on ths walle

The total head plot along the suotion pips revezls the seme
phenononon.

Ghango in totsl head along the sustion plipe at different radil
shows how the toval head diminished. Al a cerbain section along
the suvstion pipg whore the tobtal hoad becomes agual to bhe statie
head, no flow exists. To destroy the vecireulation in the suction
nozzlo o stralghtenar was positloned at the entrance o the impellor.

The gtralghtener, with ouvside diameter 12¥ had four blades and its
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chord lengbh wes 8%, The ldeo was to goe i thare would be any
cheinge in bhe total head abt the discharge of the inpellopr. HExpeyie
ments vere mads for the folloving dimensions of impellor:

Dl = 12" the sucltion nosgle diemeter

Dg 2 200 the impeller dioneter

Dy = 364 the volule ming dlametbor

Z =136 the number of blades

To see the laflusnce of the position of the stralghtener on
bhe discherge copditions, bthe stroipghtenor wasg placed al three diffores
ant paaitipns with its oxlsh edge ¢lose tos

a) tho back shroud of the impellep

b) the front shroud of the impolley

G) 0.5xu1aamay fyom the front shvovd of the impeller

Conoideriag position "a' no diiference was observed in total
head at the discharge regardless of whothey the sitraightenor was fibe
ted or note

faferring to the poasitions “b" znd Ye® gome polnts of the total
hoad were sontiored but all wowe in the vange of less than l.5% of
the value obtained withoud sbraipghtener which counld be due te the
technique of messurenmont. Tho counclugion con be drawn that at J = @
the presonce of a geralghteoner in the pozitions mentionsed above doos
aot influence the tobal head at the discharge of the impeller.  Bul,
it has wo be kepb in mind that at ony discharge flow where o ™ 0 the

position of the stesighiencor ig very imporitante
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Some adaltional tesbs were made vhers the nunber of hlados
was changed to 4 = 8 and with the sbeaightener's exit edge ploced al
the frout sheouvd of the impelluwy, Ho chanpe in total head was noli-
sod at the discharge of the impeller, Although bhe sbove-nentioned
tests do not give o complete indicabtion bhet the suveltion conditions
ave indepondent of disgharge phonomens, bhe gbtrong possibllity existe
that thisg lg 0.

Move tests with s stralghtensy fitted in the sustion pipe should
bo nede b0 prove bho above stotements The authowr belisves that bhe

gaonebry of the punp plays a very important role.

Y Head coeificient at zero flow

The hend coefficlent ¢ expresses the hoad es a fraction of the

maxinum theowebical head ot Hovo aopacitye

i
Y= ul Tedl

&

The same defintiicn can be applied for the head coefficiond

ab aoro discharge bulb the following notation will be used:

7el2

\’Jm

cnpgilﬁr

The Bulorls squation glves the head cosfficient for asny flow

ratos

:.2 1L chi/&z_ Tel3
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At mevo flow equation 7.13 becomss

Y, = 1 Talh
whore the effect of relative eddy 18 glven by tho wnigue veluss Thisg
nappens when the rotor is ln the completoly "shub off® condition i.0.
whon bthe rotor is shub of f from the volute by bthe insertlion of the
wrapper avound the poripherye

Aceovding to Busemann's origlnal equabion whswve the relative
eddy forpmation was btaken inlto acccounty the head at zgroe flos is given
bys

1-12 e b U

o RN AT ? . 3’5

&

The Tastor h@ depends on the geometry of the iwpellor l.c. the
dienetor rablo, the number of blades eand the outlov anglo.

All the vesulbs presented in this thesis will be based on the
definition given by the eguatlon TelZe

The present experimeonts show Lhaby ab no bthrough flow, the dize
charge is almost independent of the sucblon condivions, That is the
roason why only bhe discharpge totel head wos tekeon into socouvnt in
oguation 7e12,

Gf couppo Lt must bo vadeowstood thal whon the gucblon disneber
was altered, the punp vas vwider difforent conditvions and the total
hoad changoed.

in figove 24 it is seon thad the hoad cosfficlont insrenses
vhan the number of blades s lnoreaseds Bospides,; the head soefficent

loereases ag the volute ring diameter or the sustion pipe diametor ive
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desroaseds

The explanation for the btotalk hﬁaﬁ varlation slyvepdy given in
chaptor 7.1 can bo accepted for tho head coefficient, with gome addi
tlonald conclusions. Sluse bhe discharge angle of the abgsolubte
valoelby G in bhe larger caslng lp biggex then in g swall onsy the
tangontlal component of the absolube velosity besomes snmallor and
congaguantly so doso the head coefficient.

The inerease in hesd coofficlent obtalned by reducing the pusw
Pilon pipe dlendber can bo oxplained if one can imagine thal the
sughion dispeter is greally reduged or if a plabte with a swmall holo
im the middle ig fitied in the svstion pipc. Undar these conditions
any reelrculatlion would be preverbtod along the suetion pipe and tho
botal discherge hopd would be increaseds Thiz in vhat is obzerved
o hoppen when the suctlon pips dlamcter is reduceds

A more somprehensive view of the total heed coeflfliclont wés
shown when | wog plotied agelnst tho ratlo of tho chord leugth WiW
oo the vene spaging "th. Soeo figure 24e  Stralght lines wovs obtalie
ed when the points of the head voefficiont reforring to the sumno
nunboy of bledos and to the sane casing wera linked togothey.

In figure 35 the same groph e given Vo n different scale fow
volito rving diametor BB = 36% only.  Tho linmes for o conptant nune
bor of blndes & and a constant sugstlon pipe dlamebey Uy are shovite
By mecans of interpelation, additional 2 «linos and Dl - lines are
obtainod vhich reveel the hebaviour of thoe head eocsfficiont whon
other paremoters ave chanpgod. When the I/t vetio ie Cized bhoe

numbey of bledes 2 and the svotlon pipe dismoter D2 can be chosen 4o
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sullt the desired heod cosfficlient. Although the present tests were
made in the ¢ylindeicel casing with an lapeller having otralght
vadial Dladen, the hoad ceofflclent should nobt differ pgreably feom
the resl valup which would bo oblained with o aplral casinge

Glogely linked to graph 35 is graph 30 wvhere tho heed coeflie
clent is plotbed agalast the power coofflciont.

The ideal headepoucor characheristic off thoesc lopellers is a
stralght line parsllel to btho power exis. Lf the pover uvsed Lo
overcone dise fricvion losacs ls subivacsted, the sxpovimentel hesd.
pover ohgracteorlstlie shows o cortalin slopo,

Gonerally, two hepdepotor chavoctoristics ave obtained, ono
for the awmbor of bladez % = 4 and the other for the nuwber of
blades 3 = 8 & e Stwdying the first chevogteristic for 4 = 4,
wa goe thab the welutiocuship belwoon tho bead and power coefficlont
vemailng lineer regarvdloss of chango in tho suetion pipe diamotor
or btho voluto ming dlamctor. HWhon 8 or 16 bledes ere used tho
head coofficliend becomos higher, the polats ore moro scatlered butb
all foll within # 155 of the mwean.cuprve,

e 3

AL mero powor, vhe head coefficient for 24 = 4 is egquel te

HY

Y= 07 ond for d =8 & 15 is squel to Y = 0Ph.  Theso figures

should be very noar Lo the theostatical valuo of the hoad cosfiiciant.
The diffevence in the slope between tho thoorotical and tho

oxperinental hoad=-povor chavactorlgtics ip due to soveral cavsese

the reagon for o greotey slope is that the flow peturning to

the lapollor reburas pert of 1ts nmomenbum so that the torque supplied
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bo the shaft il diminished aecordingly.
The other reason for this greater slope is thet the flow oud
of the impaller has to veturn Lo 1t and the discharge area ig shsred

equally between ilunward and ounbward Tlows

7.3 Conclusgiona drawn from experiments

The following conulusions can bo made, based on the expesrimontgs

1) There 1s @ coﬁsiaerable flow through the impeller runining
at zere discharge ond thls is why the hood gonevated with the valve
closed never attaing the theorelical sero flow hoad of the impellav.

1) The resulis prove that two types of flow exist, a flou
leaving the impsller and a flov reburning into the impelloy.

iii) "The discherge ares whove the flovw ceours is equally shared
between Inward and outusrd flow.

iv) The equabion of conbinuity is sabiefied ab the susbion
and at the digcherge, albhough diffevent flou rales waere found at
each sidos

V) A strong indleabion is given thatiso separate regions of
whizl exist, one av bthe sustlon and tho other at the dluchargss

vi) The decay of reclraulation along the sucbion pipe is
vory repld end mostly depends on the vigdous forces and partly on
friguion losses at bVhe wall.

yil) Tho iwpellor acts partly as g pump and paritly as o Lure

hine. The turbine propcetion iz very lavge ond veduces the iupub
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power considorablye

viil) The inpub power (less dise friclion losses) is sponb op
lossaes cauvsed by veciveulabory flow and on Qovarﬁ.ng the heat losses.

ix)  he geometry of the pumd pleys an imporbant role in the
hydvaulic paremetors.

8) The eiveulotory flow inoreases and the btobal hesd decrcoases
in the largey casinge

b) Redustion of the nunbor of blades or increassing the suztion
pipe dianmetor causes a drop in the Lotal heade

¢) The susbion pipe diametew shows negliglble offect on the
discherge flow.

4} The pump svetion hond i almost indppendent of Lhe number
of blades, bul ghows o greal inewease 1L the volute dlametor ond/ or the
sustion pipe diangier arg Lneropsode

@) The turblae hoad has a gimllar behoviows gt the suetion
pide to the puap suetion head; wlth the exceptlon that the burbine
hoad was very largce

£) The power applied to the shaft increased when the volute
ving disnebor, the svstion pipe diameter or the number of blades
Wero Lnereascds

g) The head coofficiont was found bo have a linecsr rolablonship
with the pover coefflcient. Iwo curvas wore obtained, one woferrving
o the impelier vith four blades and the obher to tho impoller with

eloht and sixboen blodes.
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Yol Thooretical resulis

Tho theory dovelopsd in chapbeor 3 iz based on wwo-dlmonsiocnel
idesld Tluld moltion. The objest of developlng the theowy of tho floy
in hydrodynomic ruwpners 18 pmm:-wi_lg} o dowvive the Lnfovneblon noGog.
gsavy for calevlating the »uaner head from the Sulor cquabion.

Hew the hydvaulic pavometors ave influenced by the gecmatey of
bl pump iz shoun in figave 77 wvhoro the numericel roselbs ave plotted.

The velooity disteibulion around the ¢ip of the inpeller is

3
periodic and ite poriod depends on bthe factor "’;;{:g- 1eBe tho numbesr

of blades. For Ghis reason the absolube veloclby ¢ exprossed nowe

dimansionally was plobbod ageinst @%’«: .

In figupo 77 the veolasliy diatribubion exprossed ags / W ?32_ is

pghoun for & = 4 axl By = i, In additicn bho Gu / " coofficiont wes
- W a

vorkad oul for the sawme impeiller and plotted la figuvre 38,

siogae the velogity distribublon ls pevlodic, it is only necessery
vo plot and cbtaln the eabive picturs of bhe velosity lleld for one
poeriode

{6 was found thad by lacveosing the nwbeyr of blades, hhe abstw
lube veloclty at the impelley tip wes lnoresged and by rveduging tho
dismeta® rotlo an inerease in the absclubo velosiby was obielnods Tho
abgolube veloolby chengoes ite divestlon snd in hall of the aven of btho
Lmpolier chonnel the engle of the obsoluie valosiby is posltivo and in
the otherx ball the pugle is negebive. The {lov rate ovidenbly follous

"

tho gamo pattorn. The conslugion can bo droun thab the £flow rate in
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Yhe impeller channel is divided lubo Two roglons. in one of
these the flow leagves the lumpeller and in the obher reglon the
Plow enters the impellers Two separats systems appear to exist
vhich vesults 1ln bthe period noture of The flow,

Experineats did not chow any indication bhod sueh flow existe
in the plape perpendicular o tho ghaft of rotadtion, No pulsation
of the total cr sbtatic prossure was observed whon discharge condle
tlons vere checked. One oxplanation which cowldd be given iz that
the freguensy was oo high Lo be reglstered by the cylindvical probo.

The basic effeod of the dlameior ratio and number of blades on
the head coefficiend is the same as thal which was found by expori-
menﬁ; That doss nob prove that the theory enbirely explaing the
oxporimental results. The resulis obdained by theory are referred
to the plane perpendiculayr vo the shalb of rotgtion and the resulis
obtained from the sxperlments were measwred in a plone perallel to
the shofte

In the theory uwdertakon in chaptarIB the fyiotion elfent
aad the hydranlic losses are nol Introduseds

The influenge of the frlotion eflect can be obtained from the
assumpvlon that o cerisin velonlty dlstyrlbutlon is givens Thias
does not show the veduchion in head of the punp which results from
the rietional resistance egaingt the flow through bthe wechine and
which i measﬁred by the bydraulic efficlensy ",

The botal head redustion of a conteifugal iwrpeller ig given

by the produst {ﬁ%‘ h%. f; where }5 denotog an ideal head
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cooffTiciont applylog to tho flow of a feictionless Fiuid, The
ricvion head coofficient f is based on the discharpe veloeliy
profile.

The experinontal cupve of the velosity distvibation at the
disgcharge approximaies to sinusoidal shape; pavtieunlarly when the
Jargost volute ring ia usadn. Using this feot tho volocilby distpi

bubion agross the width of impeller can ba doscribed hy tho equabiong

L}m m Gm ain } 7ol

e
On the asswption theb the anguler momentvm of bthe fluid ob
the iulet is sero, the angwlor momentvn ot the discherge of the

impoller becomoss

f
M, = &R, [tu o

2 Tol7
2
where (L, = M - C n, COz(/».,_ 7o LS
and £ = oublet area.
The equabion 7,18 is Introduwed loto eyustion 7el7
A l

M = ‘—‘B:"R (uzcm - Cm cofﬁz)dﬁ

2 9 * : 2 7419

P

the equabion T.19 was solved by Wislicenug {Befe4) for gimilap
conditions aand ity deduction is shown in Appendlix Fele
The angular momentum i
. vy
M:LEQPE (“a" f-’ﬂcollﬁ)
9

2 d YAy
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and the correspondiag head

X .7--2. ]
H = %‘3‘* (’“2 = oy G “’{ﬁz) 7,21

where

TeR2

/.... (U ~ gy 8 wf/é“a)
‘p" (u& - Cmaﬁ COZ%&z)

It iw obvious that in equation 7.20 tho an@ha/%iwaﬁ taken 4o
be constanb. DBubt the experiments showed that the angle/G& varied
across the whole dlscharge area and eguation 7.21 in the present
form cannot be accepled. Besides, tho supposition of o sinusoidal
distylbdbution of the veloclity atl dlscharge is only approximate and
cdannot bo generally applioed.

In addition, two different hydraulic systems exigt in one
impellor, namoly bhose of pump aad turbine. This fact which is
confimned by experiments; cannot be solved by the theorestical approach.
On the other hand the hydraullc efficiency f?L at @ = 0 gtill reralng
o be found,

411 bhese facus polnt to ilie conclusion that the theowvetical
approach to deteymination of the flow and total head distribubtiong
undor conditions as complicated asz those at Q = 0, is not sullicient.

The theory does give some information about lhe influence of

the goomebyy of the pump on tne flow and totel head conditions and
gome detaells of bthe nature of the flow but this knouledge seems to be

inadegualo.
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Appengiyx 7 = [

Tapeller discharge avea is given by
L
where b, represonts the axial width vhich can be measured by the
for
co-ordinato A,

Une can welite

o!f = 2TR, ek
Fupthermore, a now siial cowordinate is indrodused,
}“—’Tl so that dX = -é- Cff
b T
and

dlf = 2R, b, f

Te23

in equation 7,16 Gm . i veplaced by Gai . v

A b
c, b=l dr. 8 [ d/a Loty © 5’”/"4
Gv 2 a ", T
o
80 ° 0
T
Mgy = AL Gty
and
a o
Gm2 = Gm&v w%m Sin} ?025‘&.

By subgtitution of the ouprossions 7.23 and 7.24 into equabion

719 one obtains

i T
e 2 "
M r 2'%{’?2262 (“a Cm y%ﬂ/ﬁinjdj—cﬁ?;w%coz%?/smj. df /)
2 ~ a
; 0

from which sguation 7.20 is dedused,
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e FUTORE REGGARGH

Looking al the work which has boen done alyeady 1% is seen
that only the firgt step hus been made. Hany parameters which
influence the f£low hoad charscteristie vorse omitted gnd simplified.
Only one typs of impellor blade with constant width of impslier
chonnel has go far beea inveshipgated.

Sefore any general conclusion could be made, onperimental
yesulbs for different blado shape end different impsller cghannel
phonld be obtained. Such woek would show bhe influence of these
pavametors on the head coefiicient. It is obvioug bthal such infop
metion wvould still be basic information revealing the flow condition
in the volute wxing and could not be applied to a spival casing guch
o8 1lg usuplly uged in pump dosign. Therefore, it would be essential
to caryy out this experiment with a spiral casing at Q@ = 0 and at
<

Having obtained such data it 1s believed that sufficlont inforw
mabion would be avellable Yo link the design point with the point
whore o = O,

In the future the suithor inbends Lo do part of bhip work.
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