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A STUDY OF PRIMING PROCESSES TN A CENTRIVUGAL PUMP

M.5%¢c., Thesis
by

N, RﬁQHMAN, BeSco, .M-I_oM@Ol’loEo

S uanmnazy

A search through literature roveals that there is
no method for converting a standard centrifugal pump wikh
a shrouded impeller, to selr-priming coperatlion without +the

usge ol valves oxr lavge loss din efficlency.

‘A review of work carvied oul by Dr. Ing. A. Welte diu
Gerﬁany shﬁwa that, in the casc of opaen shrouded impellers
the puup oparatiaﬁ is subject to instabllity ivn early
stages of priﬁiﬂg;vif the reéflumiug jet dis diracted
agaiuat ﬁhe'dir@ctibn of r@tation.af the impellewr, The
conclusions of this work ave, that the maximum attainable
vacuum is a difect fﬂnction of the iampelley specd anlone, av
ﬁhe_uir pumping capacilty deﬁends not ouly ou tie impellewr
widih bﬁt aléo on the method of introducing the ro-
clrculating fluid, Fortihernore the turbuleni nature of

Plow renders Lt unsultable For theoreotical treatment.

The investigation described in the thosis is carriec

ont in vwo stages.
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The frst, o Feesdbility shudyr, is concoerusd with

the alternative methods Ffor onerglsling o mixdture of alwp
apd wator by an lmpeller. It Ls Found tiat the bost
méhhﬁé is by ddrecling a Jet at xight angles agaiust the
suction oud shreud of the ilmpeller, An duvestigablon of
the Jet pa&iﬁianing.anﬁ casing geomatyy leads Lo Hno
conolusion that the Jet must be placed 180" rron the
casing btoungue and a bat'fle shounld he iunsexrted iunte the
discharge beapeir o preovewnt thoe divect re-cizeuwlation of
aly bubble b@axiug WAXLRTO o X4 has also baon foumd thnat
the quantliy of aiv ounbtralned is aluwmet divectly
proportionsld 40 the volume of re-clpealating water and Sthat
the »ise iw Qa%wr tomparature durding the pyriming tine L
et exXcensive., The reduotion lu pamp etf'Ticioney
resuliving from the ﬁﬁuptiun OoF convingous ro-cireunlation

Lo of the ovder of 340

The second stage, @ development and detadl shwly,
doals wlth subsequont lwprovoments of the Jjot avrangoemont

dib gponsilng with the bhadffle,

e 9riﬂing.9raaaws 1a found te consist of twe basdlge
HLtaLaes., The Pirpt is due e jet acbion aloune, with aliwp
eunsralament talblog pleocee v the space bobtwaen vthe ilmpellewr

shrond and the punp end cover. The adiy suction capacliy
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he outeome of any development research has as its ultimate

aim not only the provision of a satislactory answer fo a problem in

hand, but aleso an understanding of the scientific principles involved
Zy . ; : ,

in producing such a solution, Unfortunately the latter aim is

frequently move difficult to accomplish than the former, and one has to

> content with a machine wovrking for nwnberof reasons,. oply a fow
he tent A hine king f n b f ons 4. opds f
- - ‘ i

of which ean be ascertained by scientific measuremonts, The remainde

L]
P

are a matter of conjecture anmd inspired guesswork, The investigation

of the self-priming process in a centrifugal pumﬁ was undertakenrby‘

phe wri%er with a view of producing an officient adaptntioﬁ of a stenda:
end suetion éentrifugnl pum@ to self-priming conditions, without use
of'valves or cﬁanges in the impel}er auq volute design, It was hoped
ﬂo produce a design baged on a deeper understanding of the ﬁhysicﬂl

phenomena taking place in the pump during priming, theo knowledge of

which is not available, cven on an empirical basis,

At the time of writing this simple account, one hag to admit

defoax.on the score of a complete understanding of the proccss of self-

priming, in spite of remarkable success on the practical side, It is

appreciasted bthat this is far from satisfactory, but, barr1ng extremely

expensive new equipment in the form of a transpavent.pump and impeller,

“there is little hope of throwing more light on the subject, Bven then

the prospeets of pyroducing a rigovous mathematical rentmeni are

(3)
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Cextremoly remote, and one would tend rather to proseed more with trial:

and error variants of geometry, than any other approach,
) . '

In view of these prospects, the attempts described in this

t

trﬁdfi$¢.§hogld be viewéﬂ'nut as bhe muét sophisticated possible; but
the'mba£ egpéﬂient under:tﬁe circumstances, Tt should be added that
'fhe fingl form of the puap is now both, subject to é patent, and being
séri0u31§.¢dnsiﬂeredff6r production,

The ezperimentation was'cgrried'out principally at the
Hlydraulic Maéﬁinerj‘Laboratgry of the Royal College of Scichoe and

“Technology, which has now hecome the University of Sirathelyde, during

the periaed 1963 - 1967,

(&)
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The subject of tﬁialdissertation is an inycstigatiun and
development of what is thought to be é novel method of self-priming
of a centrifugal pump,. Lt is not propesed to deal with ﬁhe
fundementals of the well known eatablished variants of self-priming
pump layouﬁ except iﬁ the way bfia-review contained in Part I,

This will glsoicontain a brief analysis of attempts te put the
conparison of priming performance char&cteristics-on some Torm

of rational basie,

" Part IT eontains the description‘of'experimental apparatus
and testing procedure employed in the developmwent of .the selfmpr%miug
puamp,

Part 11T consists of experiiental findings and their analysis
az well as same‘attemp@s to eorrelate the results with those of Dr.
Welte's experiments,

A recommendatioﬁ for the general form of adaptation of a

shrouded impeller pump i¢ made, in view of experience to date,



. PART I

AN I ITIT IR S RAI NN IR AR IR

- 1f one discards the variety of ingenious deviges, which can
. ) ) . N I . ¥ . . ¢
be incorporated into a cenirifugal pomp to produce self-priming, there

sre-only two basiec mothods left for consideration,

‘A, Priming by external recirculation frow ihe pump discharge
"into the impeller eye, See Fig, 1 ,
B, Priming by an internally incorporated passage returning the

fluid fréﬁ the dischnrwn into the pump volute, either apl%nﬂt

{he-directioh of rotﬂbion.df_the impeller’ Ei%;m_gg'gior'iﬁ

the sémé.difeétiﬂn, Fig* ;g£ ”

All’pseudoﬂcenﬁrifugul pnﬁps_sqch as Bihi, periﬁherd1 
uirculation pumps and Many others, ﬁepend on the repetitiverrbciroulatio;

of the ligquid mixture through the blading, which renders them unsaitable

Tor incorporating inte standard pumps, “The - scope of the review is
thus strietly limited to types A and B, The general-difficuLty in

generating a priming head with a centrifugal wachine lies in the fact

“that the vortex head is a direct functiuﬁ of the denzity of the working

Fluid, It.thus hounmeq lupu Qxhlo lor a wator pup 6o &%nerdte 
'L; .
aufitctenb prlmlng head when Optlﬁt]nﬁ w1th air,-  To overcome this

contingeney one has to resort 1o the use-af an air-water mixture,

Tormed by a small quantity of liquid in the pump, Lo gencrate enough

(6)
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~head and separate the two fluids after passing bthrough the unit. The
air is allowed to escape, while the water is re-used to enfrain morc all
in the mochine and form a vew mix tul:f}. '

The system A, shown in Fig, I , returns the liquid into the
impeller eye, where il is mixed with the gas Trom the sucfion line by
splash and turbulence, and the mixture is lben discharged through the
impeller before the air can separate out. The re~fluxing jet energy i
a resull of the pressure differential bhetween the discharge and {mpelle:
iulét, and can represent a consgiderable loss of pump output if it is no
shut off after priming has been completed, when full pump operation
cotpences, The disadvantage of this method lieslin the limited size
of the nozzle passage and the necessity to use some form of shut-off
device in the return passage to mainlain reasonable punp efficiency,
The mechanism of gas entrainment is very®haphazard and is usually
arrived at by trial and error, Thie methed, while fairly cohmon,

is not recommended for units of reasonable efficiency and dependability

The systeﬁ” B, Fir, 2a and 2b, depends on internal

recirculation in the pump casing, with the impeller tip and shroud
providing the mixing impulse and mixture ejecting energy. The mixture
15 discharged into a separator, whence the gas is exhausted, whercas
bhe ligquid is returned back to the impeller tip for further gas
éntrainment. Once the priming has been.épmpleted énd the impellex
disc@arges }iquid ounly, the direction of flow in the return passaye

(7))



may reverse and it acts as an additional discharge lapor, {(This

2a ).

ot

will, of course, only_apply to system shown in Fig
Ant outstandingly interesting variant of the type B 1w a
machine invented and patented by Prof, Sebuls under the name o’
"Hannibal‘System" shown in Fig, 3 . Here the casing has Deen
fitted with an inserl which, together with the impeller peviphery,
P i

forms a venturi shaped nozzle, The purpose of the insert is to
direct some of the fluid dragged along by the impeller, in ﬁhe form
of a purging jet, into the impeller passapges, T™his resulbs in a
vigorous air wixture formation?which is then extracted [rouw the
impeller by velocity recovery in the divcrﬁing part of the insert,
and directed into the discharge taper, whence the usual separation
takes place. Pamps of this type have been known to have g water
putiping efficiency of 75% , while retaining thoir selt priﬁing
chavracteristic, which ig a most vemarkabhle achievement, On the
whole, bowever, units employing wmethod B reguire much larger

asings and special impellers, usually of the Qpenmﬁhrpuded type

and with 3 to 4 blades only, in order to permit proper mixture
génerationi Thus multiblade; shrouded, narfow, hiegh efficiency
impellers are not suitable for methiod B, which is the only va]véless
variant of the normsl centrifugal pump,

An extremely Lhanugh investigatién into the priming process

of the B type wnit was carried out by Dr. Ing, A, ¥Welte at thé

Technische Hochscule of llanunover, This work is the only systematic

(&)



on record, and since the findings are of general significance, it is

propesed to review Welte's resulis in some detail, In oxder to form

a general picture of performance chﬂracﬁeristicsgth§§e1standard_péhps
; 50 N

were tested under a wvariety of conditions, Fig, 4, 5 & 6 show the
pump details, while Fig, 7 gives the air evacuation performance curves

of these units, An experimental pump with a series of open gbhrouded

impellers shown in FPig, & & 9 was built to enable the experimenter to

<

vary bolh the easiog and iwmpeiler geometry, and to ohtain detailed

pressure distribution and air and waber circunlation data, Figs, 10

11 & 12 show o typical set of experimental results obtained during the
investipgation, It is not intended to reproduce here any more of Welte's
resul te, bul, the geneval fiodipgs pointed to the following characterisbics
of a pump with an internal recirculation partition'wa}l,

A, CONTRA FLOYW ABRANGEAINT,

-

The hest impeller outlet angles are 60° & 1200, with the
performance falling ofl ip~hetween and reducing towavrds zero for angles
tending to 0° audl 120°,

The effect of impeller speed in most cases of iﬁpcller blades
wag that of inerease in air pumpinyg capacity with speed,for a range of 1400
2600 r,.p,m,, with a tendency lor the increase to flatben out to eiﬁher
side of the 60° outlet angle, = There is a somewhatl unexplained tendency
"for the aivr puwping capacity to fall at an outlel angle of 120°  with

increase in speed, Another feature of the air flow/speed diagram Fig. 10

(9)



is the peak value obtained at 600 r.p.m. except {or the 120° setting,

If we examine a typical constant speed test shown in Fig, Il
the general patitern of lirguid mixture behavioour becones fairly cleay.
The pressure of twp break-waters produces twoe low presscre peaks in
the jmpeller passages during a full revolution. This implies radial

T .
surging of the freg water surface inside the impeller paazsapges or rapid
changes in cireumferential velocity, both of which will result in
turbulgnee at the free surface and air Fixtn:e formati?n. If this
iy

surface is sufficiently close to'the fﬁpeller Lip sowe povtion of the
mtxture eddy will be ejected npward at the top break-watev into the

geparator,

f, PARALLEL FLOW ARRANGEMENT  (FIG, II)

The outstanding difference between this and the contra flow
arvangement is the foet that there is only one low pregsurce peak at the
impeller périphery, which occurs at Lhe upper brcak«watnr,g Tt is
noteworthy that the pressere distribotion indicates a much larger cavity
extending over a greater length of the casing wall, In fact, the regilor
of sub»atﬁosyheric pressure in the casing extends over almost 150"
compared with just aboul 90% for the contra flow arrangeﬁent. This
scems Lo explain to a large degree the reason why the D-Pump has an air
pumping capncity of more than twice that of the other units, as can he

seen from Pig, 7 The general conclusions formed on the hasis of Welte!'s

4
e ahe

experiments capn be summarised nnder the following headings -

( 10 )
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1) DEGREE OF PUMP CASING FILLING OR FREL SURPACE POSITION ADOVI b,
CENTRE LING OF THE IMPELLER,

Al

In the ease of a typical parallel flow pump the air pumping
capneity appears to be fairly indeponﬂentéﬁpég the separator level location
above the centre line of fhe impeller, w%@hin the range of 10 in, to 16 in.
There is a rise to a peak of ahout lO?ﬁiu excess of the flow Of.thﬂSﬁ
limits, The reasonz {or this are two-lfold, One is the necessity bo roem
as far as possible the separation surface of bubble mixture from the point
of re—entrainment, while the other is the need fo produce as ]argé a drivin
kead as possible for the re-entraining jet. It is woxrth noting that thé
tatter bhecomes less important with the drop of pressure in the impellef eye
bat the former actually increases in importance under these.cirvcumstances
in view of less favourable conditions for gas bubble separation, These
tend to be dragged down into the jet with inereasing velocity of

re—-circulation,

2) BFFECT OF QUTLET ANGLE,

It ig mquite clearly dewonstrated in Fig, 10 that for a usual
mzti et angle in a conventional pump the peak of the perlormance is not
Pikely to be reached in the contra Ilow arrangewment, since it appears tlo
take place at 60° and 1207 , with a drop between those two values,
depending on the speed, No information is afai{able for the pﬁréllel
flow layout, If wé take the maximum permissible water pump nuii&t
ungle‘noﬁ Lo exceed 450, bthen 1t is fair to say that for self-priming
perforwance the angle should be kept as large as possible,

(11)



3)  IMPELLER TIP SPEED. .

This effect can be considered two-fold, Or one hand the
maximum vacuum is directly a function of the speed alone, as can be

seen. Trowm Fig, 13, Onn the other hand the rate of evacuation depends nol

anly on the vate of mixture generatiom, but alse on the size ol air

bubbles in this mixture, If these happen to be Jarge, the separator
will be more efflfective, If, on the other hand, they are small,

inevitably some will be re-entrained in the re~{luxing jet and reduce
air pumping capacity, This could cxplain the peak atl between 400 ~
600 rip.m. followed by decrease in air flow, as scen in Fig, 10,

Onee the mixture composition has become stable, a vise in speed is
accompanied by an almost lipear increase in the air meping capacity,
the rate of whiaeh depends on the impeller and casing geometry, Tﬁe
l1imit to this capagity ig fixed by both suction pressure and tip

speed, in view of cavitatien and the forced vortex head generated in

the impeller, >

é) IMPELLER QUTLET AREA BI'PECTE,

It 1s quite ohbvious that the drag exoricd by the impellex on

Cthe re-fluxing [luid iz a direet function of hoth speed and the area

0f thoe impeller in contaet with the fluid, One can, therefore,
: o S . Voir .
. think of an Air Tlow Co~efficient (e air = g far ase
) kﬁo* ‘.Dg‘( ha "y

3

ag a parvameter to compare the varions machines under the same suction
conditions, since such mumber incorperates both the area and velocity
supplyving energy to the {luid, uf ' .

| (127




1,0, - The greﬁter Q?air the better the pump,

. ; =
, 41 ' ; C
To separate the speed effect we can plot the E@@tlon pressure apainst

Vair ) . s ean
- The resulting,curve is shown in Fig, 14,

bgﬁDG * i

the ratio of
The r&ctangufﬁr area A rvepresentbs the ideai pamp pcgfurmﬁnce, i.e,
indopendent of suction pressure, whercas the area € under.the CUrve
represents tbhe aﬂtné] pwnp performance at aﬁ instant speed, The ratie
of these give an overall efficicncy of operation over a complete poséible
range of suctlon pressures, Thig latter concepd introduced hy Welte
under the name of "Capacity Co-cfficient is independent of speed, and

is a very useful criterion of comparison between wvarious self-priming.
uniis, providing the impeller pﬂfiphery forms the only energising surfaee,
A reasonably valid eriticism of this conecept is that it has no direct
bearing on the actual air pumping capacity, which is of paramount
importance in the view of the fact that the priming time is very shOrt
anyway, the loss of power heing rather immaterial, nor does it take into
aceount the cénnge of air density due to pressure rednction.' in

general it has been found desirable to maintain a wide impeller, to

facilitate the radial penetration of the re~fluxing jet, The netual

-t +

sizes of the impellers tested by Welte varied from 20 to 2% wm, in width,

-

5) CINSTABILIPY IN THE AIR VOLIME/SUCYION PRESSURE CHARCTERISTIC,

The investigation shows c¢learly that, under certain conditions,
depending on the geometry of the pump, there is a period of instability

in this characteristic, see Tig, 7 , produced by flow phenomena. inside-

(13 )
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the pump, In particular, a steep striking angle of the fluid atl the break
water or an excessive impeller ocutlet angle can produece uadue turhuifhce

and jmpact in the case of contra flow or diffuser arrangements, such as in
type G and M, whereas the parallel flow of type D is not subject to £h
peculiarity. Tt is the rapidly incrveasing depth of jet penetvation inte t
impellew, which causes fhe contra flow arvangement to exlhibit this partical
characteristic by producing a low pressure on the downsilream portion of the

tengue, in combination with choking effecta in the mixture discharge passag
{ ' -

Sur o
E

into ‘the separator, Fig. 11, The latter is due“tﬁ the fact that the high
veleciby of the re~finxing stream operestes against the encvrgising elfect of
the impeller, instead of being additive to iﬁ as in the cane of parallel f1
unit, The pressure diﬁtrihution on the downstream portion of the tongue t
displaye charactevistics which are similar to thosc associnted with a heavi

throttled cenlrifugal pump.

PART 11

The experimental eguipment and teechniques were developi
under two separate headings,
A, Feasibilitsttudyﬂ
B, Development and investigation of detail.
Prior to dealiong more c¢losely with these two procvedures, it would he of
some intvrest to descrihe in greater detail the maclhine itsclf and the min
requirements sei out to make the project of practical significeange,

The pump, VU -~ 1I, which is a standard close couplodjnnd suction unit,

(1) |
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with a.h“ suchion and 3" discharpge, operates at 2600 r.p.m, it

may he fitted with alternative fupellers of 74" , 63" , and 6* diameter
to extond its range, The impeller passage width is 11 wm,, and the
total axial width isg 16 &m. The séctionnl arrangesent of the unit s
shown in Fig.mig together with the basic dimensions of the volute and
impeller, which has 6 blades and a 20°  outlet angle, The N.P.S.H.

is of the order of 12 ft, and it was decided that the priming critérion
shonld be’thc raising of a water level in a 3" suction line to a\héight ol
10 ft., in a time of 3 - 4 minutes, Max imun efficieney drop on the
winter puméing duty was not to éxceed 5%, The permissible additions to
the puap were, a ;uction sealing bend or covér, air sepafator'and gome
form, of reflux passage into ihe volute, No changes in the impeller

or volute shapes were permissible, nor were the usge of any valves,

A, PEASIBILITY STUDY,

On the bésis of the available information, discussed in the
previous chapter, it was realised that,wifﬁ the existing imﬁellef, it
would be:very difficult to produce an eddy inside the impeller passages, -
Accordingly two ideas were explﬁred. A small jeit striking t?e impelley

radially was expectéd to produce an ejector effect in the throat of the

casing ov, alternatively, the jet was expected to penetrate sufficiently

into the impeller passages to produce adequate air entrainwent, The
: : ~ ) - ) L

, , i o ,
position of the jet was arvranged at a number of radial tappings, as



. ¥

shown in'Fignwlg . The suction branch was blanked off by a Perspex
flange, and a barrel scparator shown in g, 17 was fitted to the

discharge branch, A suetion line through a gas meter was connectled

to the inlet line, and thus the first experimental layout was arranged,

as inflicated in Fig, 18, The tests have shown imsnediately that the
schene has no prospect of succeeding for two reasons, One of these

was poor separater efficiency, while the pther was a ftotally inadeginatle

recirenlation and energy transfer from the impeller. Accordingly,
a rectangular box separator was substituted, Fig. 30, Tests were also

conducted with an impeller being rotated in open air, to gain insight
] - L

into the best method of energising the recirculating jet, These

attewpts, shown in Fig, 1%; b and ¢, have suggested that a jet

should be directed aganinst the shroud face, thus permitting the use

) »
M ¢

of a larger jet, Accordingly, after some experiqqgts with smpadder
' ‘ e LT
£

Jets, it was declded to use the maximum possible diamgter, which was 1%,

1 T 0 3 4 ) R .-
Jed in at 90 to the shroud through the suction emd cover, This

Jjet was supplied either from the separator or from an external source,
) .. . . ‘¢ ’

witile the separator level was maintained constani by an overflow weir,
The ecircumfereniial position of this jet could be varied by moving the
suction cover through a stud piteh, as shown in Fig, 20, a, h, o,

which gives the final avrangements of the feasihility study equipmenﬁ;~

for aivr evacuation tests.

(16 )



T¢ sscertain that the recircenlation does not impair unduly
the water punping performance; a somewhat diﬁiﬂreﬁt hydraulic eivouit,
shown in Tig., 20 d, was arranged, wi@h a watt-meter in the motor cireuidl,
to facilitate efficicney caicﬁiatidns, The other eguipment eﬁployed
were manometef&, ﬁee«notch and metal baffles, see Fig, 29 , used to
improve the perfurmance of thﬁ.rig, in ordexr to reach the winimum
requirements, ft may be added that a priming time ol 3 ‘min. 25 scconds
was eventnally reached with a drop in water pumping efficiency of the
order of 3% ,'and it was thus decided to proceed with further development

and detail investigation,

i B, DEVELOPMENT AND DETALL INVESTIGATION,

The following deécription will cover an investigation ol the
phenomena taking.place'in the pump itself, No developwent has been
pursued in regpect of a commercial\air'separator design, which is thus
retained in the form of a rectangular box for the present, The
experience of previous investigators, as well as the feasihility study,
have shown that the following features.are desirable in a re-fluxing
pump investigation.

I, Flow Viaualisgtion.
2, Recireulating {flow rate measurements, as well as gas {low
measurements,
3, Yelocity and ﬁ?éssure measurements at the appropriate boints
in the flow passages,
.lnput;pGWer é§d speed of rotation coutrol;

(17)



The limbtation of time and cost required to {ulfil thesse,

while using a standard pump, led to some degiee of compromise on

1 -
" . -

VATIoUS sScores,

In its finel form, the rig shown in Pig, 2 is arvanged
? i3 fe s ~

& £r pumping tost, a canzists of thae iy in this case
for a water pumping test, and conzistis ol the puwp, in this case

mounted on a pedestal and driven by a variable speed D.C., torque

wmounted motor. Fig, 22 shows the same pump arranged for an air
pumning test, A Peyspex cover with a nuwmber of axial holes is used

in place of the standard suction cover, but the shape of the internal

casing is unaltered, except for a provision to reduce the shroud end

clearvance by inserting a spacer disc, see Fig, 2% a . The end cover

T S o]

fits inside the retaining stud circle, whiéh facilitates the randon
posilbiening of the re-fluxing jetis. It thus becomes possible to
shserve the occugﬁhces at the jet energising surface, nlbhough the
events in the volute casing cannot be secen. A steel end cover,

with an appropriate suction openiug is used in place of the Persypex

- ane for water tests, as shown in Fig, 23 b,

Three hasic methods were used to assess the air pumping
parformance, The first, which was both gqualitative and quantitative,

employed a dry gas meter for large flows, and a wet gns meter at

- swall rates of {low connecfed to the pump suction, The pressure

control valve, which was of the rubber diaphwragm type, was inserted between

the meter and the pump,

(18)
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The secend method consisted of timing the rate of fall

.Of pressure in a container of-fixed capécity, 2+ f1, The rate
of change of pressure can be conv;rted into a vate of loss of mass
and thus thg rate of evacuation, This method was extensively uged
for & dircct qualitative compavison of various chanées in pump
geometry; see Figs, 46 anQ.&7, on the basis of time/pressure fall
comparison,

Finally, the third way of assessing ihe performanée wéﬁ
by observing the rise of a free surf&cg in a vértical water pipe with

its open end suhmerged)and the closed. one connected directly to the

pump suction,

It is worth observing at this stage that neither the second
. : $

T

noy the third wmethod, gave sufficient indication of instability, aud

Ry

hence the first method was used exclusively to obtain Lhis iwmportant

featurce of the pump characteristic,

1 P
L 3 L R
The shoxrt and curved leugth of retirculating passages posed

. Lt .
a' {low metering problem, which wae -overgome by terminating them with

two ﬂtraighf lengths of 1" copper piping at the aif sep&rator éﬁd;

These ends, which were fitted in flush with the botfom of the 5e9@rg§0}5-
had each a pressure tapping Iocatedlﬁ“;erm thé inlet., The_préesuge
drop hetween the free surface in the separator and thg tﬂgp§§g §0int

was used as a rate of flow indicator, and Fig?'wgg'shows the'caliﬁration

“of this device, carried oul agninst an orifice plate with the aid of another

pump, ) ’ ‘ ( 19')- :_




An additional pressure tapping was previded at the entry
point of the recireulation passage into the pump in order to estimate lhe
friction losses in the re~fluxing liquid, Both the casing and ond
cover are fitted with a number of pressure tapping cum Pitot insertion
points distribated round the periphery, as shown in orientati?n skﬁﬁﬁh
in Fig, 25, To provide additional entry points for velocity traverses,
use was made of the end cover studs which were drilled right through the
cnntra, providing the nccessary guidénce for the Pitot cylindeyr,

Pressure distribution measurements were recorded on a multitﬁbe meréury
manome ter, but these had to he confined Lo the wall pressures, The
pressure distribntion aecross the stream was found impossible to
determine,

To obtain velocity distributions a small Pitet Cylinder
was manufacbured, with a spirit level loeated protractor, to assist in
estimating the flow d}'r:ﬁ.ctiotn. The instrument is sbown in Fig._gﬁ’ .

It will notl be out of place to mention the use bo which this particular
device was put, in spite of its unconventioﬁa} form,

The usual type of imnstrument for ascertaining velocity and
directi;n wonld have two vadial holes gubteﬂdingzu?fzn%:of 738" y @ach
hole being connected to one limb of a mdnometer, The siﬁe of the probe,
0105 " dia,, and the viscusitj of tﬁe fluid, made 1% necessary to use iny;
one yelatively krarpge radial hole 0. 0h1Y dié;, whiech in turn meant alhnyﬁa%iﬁ
directional rotation of the probe about its axis to obtain enual presédre :
réudings; .T@sts carried out in 5 high-sbeed_air jetisﬁrﬁam.hQVQ Qﬁoﬁﬁih

the probe to be remarkably smensitive to the direction of the oncoming

(20 )
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stream, in spite of the large size of tﬁé radial hole relative to the
prohe diamcter, The welocity head corfficient was found to he T,

In actual use, in conjunction with a mercury manometer, it was found
that,when operating in the huhble mixture region, the change in pressure
resulting frow the rotation of the tuhe was too small to give a positive
watiometer indication, This phendmenen, resulting from the low étream

density, rendered the tube insensitive to detecting direction,

turning it at the some time into & probe Tor the position of the free
water bhoundary inside the casing, This, in fact, was the only method
available to gain any insight as to the location of and shape of the

free water surface in the casing under air evacuation conditions,

(21)
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GYPERIMUNTAL RESULTS OF FEASTRILITY STUDY,

The results of the radial small jet injection hardly justify
a mention, since they can he dgsceribed as totally negative.

The sbhroud method of jel acceleration shown in Fig, 19 a and _b
indicates that the actual jet spread is not greatly affected by the
speed of the jet, ThiS'is,fairly undérstandable, since ihe impeller

sneed 18 of the order of 95 ft./aec,, whereas the jel speed is 2.6 Ft,/sea.

and 5.2 ft./acc, in the corvespondiong pictures; and the Jjeil orifice distange

i
1[
R 4

from the shroud is slightly more than 4 jet diameter,
Further pursuit of the=e charvacteristics was not desirable,

aince the jet would eperate in n closed casing,possibly with different
_ ; _

N

discharge characteéristics, T>5bs=ﬁﬁ}?i€ﬁ ouﬁ.with a jet in situ have
shQWH that the effect of the impeller rbtation was small, with a slight
Lendency to incveasc ab bipger flows, sce Fig,“gﬁ.: This was primarily
due to a vortex formation-in the shreud space, which increésed the
effeetive head across the jet orifice. Thﬂgfnrmatiun of thixlvortex
ts naturally a function of the degrae of filling of the clearance space,
ﬁhich takes place rather suddenly at a ce;tain stage, as willyhe describ@d
later,

Tests were now carvied out to ascertain the best circumferentiai'
_positian-of the ye=fluxing jet fed from an external source, while varying

air suclion pressure, It became immediately apparent that the air separatio

(22 )




aud flow in the discharge taper were very unsatisfactory, due to phe
presence of eddying effeet in both the axial and circumfernntial'plane,
This was accompanied by pulsation of flow into the separator,  As the
simplest expedient, a number of axiﬂl haffle agrangements, showin in

' reaching down

Fig. 29, were tried, and it was found that baffle 'c
+ to the impeller centre line, in a plaﬁe parailel te the axis of rotation,

was most effective, A feature of this 1ayoﬁt was that most,ofithe'

air bubbles came up in the outer portion of the’éiécharge taper, sﬁiiﬂ

in two by Lhe prescnee of the baffle,: This sugpested the presence of 4

free wator surface in the casing outwith the impeller, Lut no steps were
“halen to investigate the matter further ﬁt the time,

Air pumping tests were carried aut_wihh;external.récircul&tion

to avoid aly re-entrainment effects,  These results shown in Figs, 31 to

36 underline the importance of the recirculation on ihe air entrainment,

¢

The relationship is almost linear for all jet positions, and vacua, up to 8¢

of meyecury, with few exceptions, It is alse self evident that the jet
v positions A and 5 are st advantageous, and these are alwost diametrally

opposite from the casing {ongue.

In the case of the 74" impeller, the jet position appegrs,td.hé,

~of lesscy importance at higlier wacua, Tig, 32, whersas with a 6" impeller,

. and thus clearance of tlie fongue ¢f the orvder of P!, the iﬂt'ﬁogitioﬂiﬁg is
of groater significance, Fig, 36, This points to the importance of the
. ’ - ] R . ol -

events t{taking place at the tengue of the pump And suggest a éomewh@ﬁ;
different entrainment mechanism at higher vacua,
©(23)
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;IA facﬁ,.cnntrary to expectation, the 6" impeller appeared to give a
:5?%ié:ger g%r pumping capacity as the vacunum increascs up to &' Hg for
\:{hé Bégt positions of the jeﬁ, ie, & oand 5,
o : : :
A poésible reason for this course of éfeﬂﬁs Wo's that the
“2  ﬁ§ter‘surface was subjeet to incfeased turhu%ﬁnce due to o part of the

Hﬁf'jﬁf extending heyond the jmpeller periphery. In addibion, the tongue

) .', i . .
of the-pump was too far from the impeller tip to produce a low pressure

regiﬂnﬁﬁhinh would be less effective in distorting the free entraining
'I;3 'éuﬁfac; position, aiding the entraimment to a greater extent, than the
.“: é°tUﬂ1 positioning of the jet for small tongue c¢learance with a
ihg?éiger.iMpgllﬁr‘

: The low pressurc peak at -the toungue displayed in all tests

. “earried out by Welte suggests that such reasoning is not out of place,

To return to the gquantity effect, il can also bhe expected

S that, since the quantity is connected with both the momentum available

5 0

for cempressing air, and surface area of the water atream, it can have
oo adirect bearing ow the air pumping capacity, = These two effects most

. not bé eonfused since the first will only effeet the cnergy available

“for compression, while the second controls the actual mechanism of

¥

el e e g
:gntralument‘and.ls targely dep%annt on the geomebry of the pump; hence
S all mtlempts to use wide impellers with fes blades,in order to get a

arge entrainnent aream.Fig.'zz ,.shows the air pumping capacity againat

—

(25 )
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vacuws Tor the two impellers with recirculating flow, and it is fairly.

obvious that the Jlarger impeller is more effective at low vacua, though

for the range of A" Hg. to 8" Hg. the advantage is rather doubtful,

%

~

The wateyr pamping performance shown in Fig, 38 iz zelf explanatory,
except for improved efficiency beyond a flow of 260 g,p.m, T AL
rwaximum efficiency with.a total head of 100 T4, the pressure differentinl

across the re-fluxing passage is not lékelyvto'exceqd 30 f4,, giving
’ ‘”;z} ¥ ' .
a re~Tluxing flow of about 25 g.p.m. o
. . ¢
_ Hence the propoertion of output énergy of the pump heing wasted
ought Lo amount to ’%§$~2ig' : 133 % 3%+, which corvesponds fairly

4
closely to the actual reduction in efficiecney,

)

The tinal test of evacuation rate with a vertical 10 ft, 3" bore
‘¢w§¢/ line pave an evacunation time of 3 np{ with a temperature rise of approximate

w0 r S - ‘ ’ . - )
327 F for a water content of 3 gallons, A test was then carrvied out to

find the effect of waler tempervature on priming time, This effeot,
shown in Fig. 39, indicates a2 50% extension of the priming time for .a 3" b

10 fH, high column, which would correspond to the puup operatioﬁ.fqr G

o

. .0,
temperature rise of 25 I

]

. up to 930 ¥,
If the pump starts with water at'7b° T, it could operate for 25

minutes without the priming time heing inercased beyond 4 minutes,

k3

The project was thus proved feasible for commercial development and

accordingly a much more refined uppruach, wvith more elahorate instrumentatic
.. k@]

P - was adoepted, The Tindings of the feasibility study can thus be~sgmm%§ised

as fpllows tw ' e




3.

k.

6.

The pump can be made self priming without use of valves,
The effect of the impeller t&p clearance at the tonguc
is not clearly defined at vacua of &" Hg, to 8" Hg,
W '
The relluxing flow should be mointained as large as
AL . =]
possible,
The refluxing jet should he positioned diametrally opposite
to the volute tongune,
With a 3 gallons water retention volume}the temperature
rise during priming of a 10 ft, 3" bore suction column
. . .
is of the order of 3 T,
Priming time increases from 3 min, Lo & min., as the water’
. , : s SR %0
temperature rises from 75 F. to 10% F,

The dyop in water pumping efficiency is of the order of A%
] puHpLOg /
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EXPERIMENTAL FINDINGS OF DEVELOPMENT AND DETALL STUDY,

The wajor proportion of this effort was directed toward
seeuring a mueh improved machine, and @n}y'after thig was acconplished
’ : @) . Lt . .
AN

some bime was dirvected to a wore detailed exploration of the flow
- ; . . :

patiern,

s

The use of a Perspex endwcpvér reveﬁledrimmediately ﬁhe_
: A .

reason for the eifect of the discharge baffle, “In view of the low
pregsure generated at the bongﬁe_of the casing, a vigorous recirculaﬁion
takes place from the thr0a£ of:fhe t#per,hack into the volute heyond
the tongue in the direction of rotation, This jslshown in Fig, 40
which displays the vigerous recirculation even with the baffle in
position. ' It is alsp_noticeahle that the space between the ﬁhroud andﬁ
end eover is not fully océugied_hy‘the jet, ﬁhich only covers an are of.
about 120°, tgé min jority of which extends in the direction of rotation,
‘The jet entrains vigorously air drawn partly via sealing rings by Splﬂsh;
ﬁnd this continues until the shroud'spagé hecomes completely filled with
wa%erq in éonﬂeqﬁence of risiﬁg #aéuum and'increased fef1uxing,je% floﬁ,'
as well as inflow, from the voluie itself at some points.

This type of entrainment abcoﬁnﬁé.for:a large proportion of
the Aiy pumPing_bapacity'at.émall vacua, as has heen ascertainéd.by o
ruhning_testé_wi@h'the imﬁeiler ﬁye_combletely sealed off, The.résulté
in Fig, 41 shaﬁstha%, whilé.diSplaying a swall degrec of instaﬁility,'
there is a méfked tendeﬁcy to a réduction'in thanﬁdxigum-attaiﬁdblé.

A 27'). |
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vacuum, if the impeller eye is closed, and baffle renéved,
As a deduction from the obgervatious, it was decided

to employ a second refluxing jet, positioned in such a way as to

prevent internal recirculation without the use of a baffle. The
result of this geometry was quite startling, The recireunlation

vas arrested and the air pumping capacity was siwilar to that with
a balfle over the full range of vacua, The air entrainment method did
not differ frowm that of the single jet coage, but, due to both greaier
entrainment surface and momentum, there was an appreciahle.géin in
hoth air flow and maximum vacuum,

Pig

. 41 shows the appropriate perforumnce cuyrves, To improve

rm———

o=

the energy transfer ffgm the impeller shroud to refluxing {luid, it was
decided to reduce the clearance bebween the'end covexr aﬂd the impeller
to 3/32" at the point of closest proximity, The iniprovement wa§
quite startling, but all charﬂeteristics continued to displayaan
instahility in the region of suction prés&ures 3t to A4', as cén he
seen from FPigs, 42 and 43, Fig;, Y a, b, o, show the events in the
shroud.clearance space. | Thesé.nreJafgigurous double jet entrainment
followed by complete filling of the gpace with clear sfluid, The cloudin
at high vacua is produced by re—-entrainment of air pubbles from the
separator, There is n0 recirculation in this shroud space,

~ The primiag time for-a 4" bore columm 10 ft, high was

3 %
<A

(28)
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2 min, 23 secs,, which was an almost 50% impr0vement on tests carried
ouﬂ ﬁith a 3" bore column during the Feaéihility Tests, Thé water
tamperature rise was only 1%9 ¥, wﬁ%ﬁﬁ was algo very satisfactory
in view of the reduction of the fillinpg volume from 3 gallona to
2% wallons,

- A number of jet positioning combinations and tests with

; i ) '

tvo jmpelliers of reduced diameter were nlso carried out and the results

arce shown in Figs, 4%, 46, 47, 48 and 49,

In geperal it was found thay the best jet positioning was
at ithe tongue and diametrolly opposite. The impellér diaméter was
found to be most imporvtant, though iﬁ’ié'not possible to ascérﬁain
whether this was principﬁlly on acdount of varying casiﬁg tongue
clearanée or.merely du¢ to more effective energising ﬁf ﬁhe recirculatiqg
jet, | | |

Water pumping performance tesis were ‘carried out with all
three, impellers and reciréulating flow, fhénrgsults shéwn in Tig,
50, 51 and 52 give a?drop in peak efficiency of 9%, which is still
conaidered acceptable, although it ﬁhgthe improved by  further
development work, | |

A feature of these tests was ﬁﬁe drowning.of the pump inlet
o & depth of 1 ft., %0 offégt aﬁylpossibleﬂonaéf of G&Viﬁaﬁiodfa$ '
large flows, At this stage theldevelopﬁgnt wdrk was considered
.fadequate for desipn purpbﬂés, |

(29 )




The only rewmaining problem was to bry to throw some light
on the instability and veolute flow conditions. Accordingly, detailed
explorations of the casing pressures and velocities were carried out wi-

the 74" Dia. impeller, and the most efficient twin jet layoul,  The te:

were conducted at zero pressurc and suetion pressures below instability
point and ahove it, In spite of repeated efforts Lo build up a cowpl:
picture of the flow patlern, the conditions at vavious parts of the
casing were so turbulent that it was impossible to produce a complete
survey, " However, Pigs, 54, 55, 56 and 57 give a general picture
of the events in the pump during priming,

In the Pitot traverses it was assumed thal when the tube
is insensitive to retationm, it is in the region of low density flow
or an empiy cavity, It is realised that such assumplions may not
appeal to some experimenters, but there was no alﬁernative to such
deductibns, savae the building of a transparcpt pwap, which was out of
the question at the time,

The work involved in the collection of this information was

'3

extremely time consuming, and called for a great deal of improvisation
of details, which are not mentioned here, since the obvious purpose of
the investigation was to dgvgﬂop a pump anq swnderstand its uperhtion
and not to engage in maﬁﬁfééfure of.experimental equipment.

The other unfortunate feature i$ an alwmost total absence of

R
a basis for mathematical analysis due fo0 lhe excessive turbulence of

the flow patbern,
(30 ),



as follows

a)

b)

The development and detail investigation conclusions are

Tt is desirable to reduce the impeller shroud cleavance
in the casing to improve energy transfer to the refluxing

0

Jets and arrest as much ag possible the recirculation of .
the air water mixture from the casing throat.past the tongue,
Two jets, one at the tongue and the other diamectrally opposite,
appear to be adequate for the purpose of producing a satisfactox
gas entraining veeireulation,.

The priming precess consists of two basic stages, In the
{irsi the flow energised by the shrouds causes the gas to

he eq@rained in the shroud clearance space as well as at the

free surface in the casing due to turbulﬁnce. This is
ﬂj

obvious from Fig, 35 where the velocity actovally increases
. v

towards lhie stationary casing wall and falls to alwmost zero

within 4" of the periphery of the impeller, which is moving

at 95 f+, /sec, As the free water surface is drawn

inwerd radially by inereasing vacuwm, the impeller drag

becomes apparent until at 28" g, vacuam the free water

surface actually enters the impeller passoges and air
pumping ceases, There is no doubt that the inflow frem

the shroud space delays this event bub cannot prevent i,

’
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In an examination of Figs, 56 and 57 this oveuti can also he

ohserved, In Tact at the lowest vacua the refluxing jet watey is the

only apparent source of cnergy, the velocity falling towards hoth axial

casing walls vight at the periphery of the impeller, Mg, 57

o ¥

whiie
)sulvh

shows bhe axial iraverse §% outward from the impellev tip,confirmﬁ

Lhese eharacteristics to a lesser extent, butl cven bhere we seem to

have a lower wvelocity at the centre due to the absence of impeller

N -

I - - . ‘ - . y . y *
oubtlet area drag, This traverse is not quite as informntive as Fig, 56,
probahly in view of the complexity of flow in Llhe volutbe,

The attempt to ascertain the dirscbion of flow either al ihe

H .
, 23 \ ;
impeller boundary ox :in the velute itself have shown thal the {low is ¢
invaviably cireuwnferential and in the radial plane, No axial compononis
| :
counld ba detlected, ' .

If we now turo to the sccond stage, which is reached as
goon as the impeller drag Pecomer anparent, we boecowe immodiabely aware
of a vacuym being created at {he tongue of the pump casing, which is a
result of the formation of a cavity, The boundaries of this cavity

B o

ave formed by the casing, whereas the highly turhu%ﬁnﬁ tnflow from the
shiroud spaces provides the aiy eﬁtraiuing med i, | The ecavity is in
direet commuuication with the impeller eye at the iip of the tongue,
as ¢an be sosen from the extrapolation of the caszing pressure curves

hevond the actual measuring point to $the tip of the breakwater - zee Fig, 5
- [ 3 &= I



. PPNY 0 .
The two curious bumps at 160 and 2807 may be due to the acceleration

of veolute flow al a point downstrceam fyrom the wain jet entry hlockage

effect,
a) “1t would perbaps notbt be out of place to throw some light
en the power taken by the pump in priming, The quantities of air

flowing are so negligible that the power absorbed in doing work on
thig medium can he overlooked, If we take the tobal HP and the net

.
o~

energy supplied to the recirculating 1iquid - see Mg, B8 ~ it bocomes
seif evident that the pump is, in fact, an excellent waler brake under
priwing conditions, The temperature rise contirms the egitimate of
these Josses, pointing to meost unnatural [low conditions inside the
machine, These conditions disapﬁear instaﬁtly when the water puaplig
duty commences in spite of the coniinunus presence of the ré«fluxing
g tyeam,
¢) The change in the water pumping characteristics, especially’
with the 74" impeller, is explained hy the veversal of re-{luxing flow; thy
creating an sdditional outlet area.
£) | Comparison with results of tests carried out by Welte shows
that the U -~ Ti is better than D and & types, and ouly-infériQr to
. D ﬁyﬁe which is of the parallel wvariety with.& watey pumping efficienqy
of only 45% compared with 62% of U - II.

As regards the effect of tip speed on dhtain@ble vaewum, it is

obvious from Tig, 13 that the ©ip speed is the predominant factor because -

| ( 33 )



all four pumps , in spite of vastly different constructienal details, atia:
a maximum vacuwn of about 9k m.ir,0 at a tip speed of the order of 18 m/se:

{ 59 ft./sec.) The vscua attained al lower speeds do not vary significs
. }

from one pump to another, This establishes positivedy the "shroud re-flu

metliod as a practicnl possibility, and Fig, 59 shows a highly satisTactoer
: " z ¥ Y oY el 2
|

priming time for up bo 20 f{, 1ift on a 4" hore suctbion,

g) To see that comparisen with water jet pumps is rather pointless,
let us examine Fig, 60 . This shows the ratie ol air volume entrained

at suction pressure to the velume of entraining liguid for a water jei

2
punp uging 1.6 £4,%3/min. of water at a differential pressure of Bﬂlh/in.

across the water jet nozzle, in comparison with a ‘gimilar ratio belween

air and recirculating water volume for U 11, The power. required to
> i) * ], 3 - ~ N
drive the water ejechor is g-H.P., whereas the U ~l1I would absorb
. between 14 - 3% H.P. for the same range. This striking comparison

ig meaningless for engincering purposes since the cjector is meant for
cunﬁiﬁuous daty, whereas the ﬁriming time coust}tutes ap infinitesimal
perecentnge of the life of a pump,

The only v&lié'ohservation to he drawn from ) & g) is
that the shroud we-flnxing method can produce overloading. of a wmotor,
on & low powered water pump,aud wust not be used in an indiscriminate

- fashion,

{ 34 )



The work described in the preceding chapters has shown the
reasons for difficulties in producing a self-priming adaptation of a
gentrifugal pump. This can.be summed up as 8 shorteircuiting of the
tongue caviiy to the discharge taper throat through the shroud clearance
gpace, which is the crux of the problem, The wmethod of vnergising
the re~fluxing fluid is a matter of choice, but has been devised to
serve a dual purpdse, Firstly it improves air pumping oapacity at,
low vacua due to direct jet action; secondly it arrests recirenlation

of entrained air within the casing ftself, ’ :

The rve-fluxing jet passages can be incerporated in a

standard end cover and left plugged up when not in use. The only
additional item thug becomes the air separator. Deglipn stadies, undeyr

way at present, indicato that sueh a device can be produced in a smsll
: o _ . )

enough size to make the unit commercially wviable, The only extra
items to be carvied by the pump maker, would thus he an air separvator
and a sbuple water retention flap.

As regards the analysis of the seli-priming process itself,

it is gquite obhvious why the pump will not priwe if a high apeed, shrounded

1

multiblade impeller is used in a casing with a reasonable shroud clearance

The. importance of the findings lies in recognition of the faet
' ' EN

‘ 27 ,'11' . . ' . I :
that the only really active portion 587 %he pwip is that of the diverging

3
K

L=

t
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casing portion at the tongue, whieh canses the formation of an entraining

cavity, The M puwp, Tig. , hag six such cavities (1), dut the

e

]
e
jets are not as effective as in the susgested layoub with the volute
and impeller of U -11,

A further study of the entrainment in this cavity is o subject,
whiich oughtl Lo lend itself Lo much theoretical and cxperimental study

at o foture date, Sueh work nced not necessarily be done on the puwmp
itseld, which will assist wmaterially in the controel of houndary'donditions,

The design of an air bubble separator is a study in itsel?

and ean be invegitigated inm conjunction with both anifoerm and non-uniform

¢ ’ i
mizture flow into this device, The bhehaviour of this mixture is a

suhjectgwhich has been widely explored in the field of Chemical Engineering
and no doubt an intensive search through existling inforwation will reveal
much relevant data,

At n guess, onc would hope to impﬁove the present output
by at least 50% through Further development, though such an expeetation
7111 not be easy to realise without fairly extensive modifi?ution of
impeller clearances in the casing,

It ia hoped that the information presented in this brief
treatise will secttle some of the doubts about factors affeclbing the
self-priming of a centrifugal pump, and suggest (o others a fresh

approach to this rather fasecinating problen,

{ 36 )
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