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SUMMARY

A technique wag developed for mensuring the instanteneous
velocity vectors in the volute of a centrifugal pump. The develope
ment resulted in three mz jor instruments- a special Pitot tube,

a special differentinl gage, and a sampling valve, The egpecial
differential gage has many advantages over the ordinary type of
differential gage, and has meny other applications besides the one
in this study. Experimental checks have demonstrated the
relisbility of this new technique of measurement.

Extensive mesgsurements were made on two high efficiency
centrifugal pumps of commercial design, one a double suction and
the other u single suction type, itot stations were provided
around the entire volute of the single suetion pump. Tests on
these pumps showed the following: l)There waeg -raectically no
instantaneous velocity varistion between vanes at normal pump
capacity. There wag a slight variation at low and high pump
capacities, 2)There was & positive radisl velocity outside the
shroud in nearly all cases ai normal pump eepacity. 3)Some double
peasked radial velocity profi es were obtained in traverses ncrose
the volute at low pump discharge. The most reasonable explanation
states that these peaks were due to the centrifuge action of the
shroud. 4)The single suction pump test showed considerable inflow
at the volute tongue, that is, flow towards the pump shaft
completely across the volute, 5)it low, normal, and high discharges
the flow conditions were not uniform around the volute, 6)The
flow conditions at normal cepacity were more uniform than at low
and high capacities, 7)There were two unbalsnced redisl forces
acting on the impeller, & static pressure force and & momentum

force, The momentum force was smnll es compored with the

unbalanced static pressure force.
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INTRODUCTION

There is need for more experimental data as teo the
flow conditions in a centrifugal pump. Because of a lack
of both qualitative and quantitative information pump designers
have been forced to speculate as to the flow character of the
water in the impeller, volute, and other regions inside the
punip. There is no doubt but what actual measurements on a
standard high efficiency volute pump would be of consider-

able interest to the pump designer and the student of

hydrodynamics.
As for previous work, theoretical studies of the
1 2
impeller flow have been made by Kucharski, Busemann ,
3 4 5

Sehultz , Sorenson , and Uchimaru and Kito . Each of these
investigators assumed a perfect fluid and used the method

of potential theory. Pfleiderer6 caleulated the theoretical
head developed by a pump with the conditiorn that the relative
exit angle was less than the vane angle. Kucharskil treated
mathematically the problem of an impeller with straight
radial vanes, assuming an ideal fluid. Spatrm.'hal*'.'oa‘7 pointed
out that the fluid passages, formed py curved vanes of a
finite length and cut off by entrance and exit circles, as
found in actual practice, present many difficulties to
theoretical investigation. It is well known that the sctual
values of the absolute velocity (in direction and magnitude)
do not agree with the theoretical caleculated values based on

8
potential flow. Fischer and Thoma concluded that "Practically

#Reference numbers refer to those in Bibliography at end

of this report.
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all flow conditions for an actual fluid are fundamentally
different from those theoreticslly derived for an idesl frictione

less fluia®.,

¢
Prof., R.L.Daugherty has mede a combination

experimental end theoretical analysis ir his book "Centrifugsl
Pumps” . Of particular interest is his pointing out that the
vane angle and the sctual relative exit angle may differ by
from five to ten degrees.

frobably one of the first(if not the first) experi-~
ments to study the flow condltions inside 2 rotating hydraulie
mechine was that of FrancialO {1851). In his test on a Tremont
turbine he ingerted s vane at the discharge of the runner, which
gave the direction of the water leeving the wheel,

fuaalitative photographie experiments have been made by

8,11 12 13 12

Fischer and Thoma s OCertll , Sless , and others. Certli
ghowed that the flow in a centrifugal impeller is not exsctly
two dimensional. The work of Flscher and Thoma waa extended by
photographic experiments made by Gloaterhalr@nl4 who used & pump
#ith a transparent case, and measured the pressure at some points
2long the vanes. These photographic experiments were made on
special laboratory pumps specially prepared for observation
purposes, ‘he guestion hae been ralssed asg to whether results from
such & technique can be extrapolated to & consideration of a punmp

of commercial designe.
15

Yendo used pressure mensuring heles in the gulde
vanes of a turbine pump to obtain the alip coefficient. This

nethod does not give a measurement of the megnitude of the



absolute velocity.

This year Kasai16 has reported his Pitot tube
measurements in a special laboratory pump having a vortex
chamber. His experiments were made from April, 1933 to
Harch, 1934.

With the exception of Kasai, these experiments were
made at low speeds, and efficiencies were low. The question
hasg been raised as to whether results from such a technique
can be extended to a consideration of a pump of commercial
design operating at normal speeds. The work of this present
investigation avoided the difficulties of low speed laboratory
models. A technique was developed to test a standard pump of
commercial design, and at a speed at which the maximum pump
efficiency 1ls reached.

The present study was started in the fall of 1931 in
the Hydraulies laboratory of this Institute. Instruments for
measuring the average velocity vectors in the volute of a
centrifugal pump were developed in 1932 by the present author
working with the help and advice of Prof. R. T. Knapp.

An M.S. thesislv in May, 1933 described this technique.
At that time (1933) publication of that work was held up in
order to extend the technigue, to improve instruments, and
to wait to do the work in the new precision laboratory then

being constructed at the Institute under a co-operative

agreement with the Metropolitan Water District.



OBJECT OF INVESTIGATION

The previous experimental investigations have had
some limitations and restrictions which this investigation
sought to overcome. This present study extends this particu-
lar field of experimental knowledge and technigue in the
following significant respects:

l. A technique of measurement was developed to test a
standard high efficiency volute pump of commercial
design, thus avoiding the difficulties of special
laboratory models.

2. Besides developing an improved technigue for measuring
average velocity vectors at a point in the volute, a
technique was developed for measuring the "instantaneous"
velocity vectors at a point in the volute, that is, the
velocity for a time corresponding to five degrees rotation
of the impeller.

3. Very extensive measurements were made at closely spaced
stations completely around the volute, using both the
"average" and the "instantaneous" velocity techniques.
Complete sets of data were taken for different operating
conditions, varying from near shuteff, through normal ito
high retes of discharge. With this experimental
information it has been possible to analyze (a) the
complete velocity distribution of the flow between the
impeller and the volute, and (b) the variation in the
velocity distribution in the discharge from any one
impeller passage.

GENERAL METHOD

Briefly stated, the method employed was to insert a
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special Pitot tube scross the volute. Referring to Fig. 1,
a sampling slide valve was inserted in each of the two con-

nections from the Pitot tube to the special differential gage.

Purp SPECIAL
VoLv7E T——LD/FFERENTIAL
I GRGE
Frror TUBE
IMPELLER SewpEe VALVE
fFle. /

These slide valves opened for a short interval of time each
revolution of the pump, which resulted in a series of pressure
impulses to the gage. Heans were provided for shifting the
phase between the pump shaft and the valve opening. A strobo-
scope indicated the position of the opening. Thus the veloeity
ecould be measured as any particular point of the impeller
passed the Pitot tube.

In these tests, all the facilities of the Hetropolitan
Water District pump laboratory et the California Institute of
Technology were employed. The automatic speed control was used,
and accurate measurements of pump head, quantity, torque, ete,,
were made simultaneously with the internal velocity measure-
ments.

This report is divided into two parts. Part One
describes the technique of messurement, and treats separstely
ezch ma jor instrument. Part Two gives the informstion obtain-

ed from volute surveys of two different pumps.



PART ONE - TECHHIQUE OF uBASURENERT

THE PITOT TUBE yE:SUREHENT

in any flow measurement it is not diffieult to
deternine the true total hesd or dynamie pressure. The total
head is abtﬁinaa.by placing an opening normal to the direction
of flow. 8ince the total vressure ecunls the siantie pressurs
plus the veloel ty pressure, an accurate meassurement of statie
pregsure ia necessary for an accurate determination of wveloeity.
The mein feature of the Fitol tube used in this study iz that
it gives an accuralte measurement of static pressure in tur~
bulent flow.

Thies accurste measurement can be seen by considering
the pregsure digtribution around a smll cylinder serocss the
stream. Referring to Pig. 2, it is known that there is g
eritical angle with the direction of flow at which the
velocity pressure hes no effect. This means that, having an

opening at the criticsl sngle with the flow direction, the

Axis oF CyL/NDER
Across STrREAM

fre. 2
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pregsure trensmitted to a gage will be truly static and
unaffected by any influence of velocity.

Various investigators have found the value of this
eritical sngle. The rough measurements of Qrgﬁ@ﬂlgln&icat@d
that the angle was slightly less than forty degrees. Fechheimerlg
mede very careful measurements with 3/16" and 1/4" diameter
cylinders in & stream of air and found the critieal angle to
be 39 degrees. In 1926 Dryden, Moss, and other authorities
sgreed thet Fechhelmer's determination gave 2 menns for the
most accurate measurement of statie pressure in turbulent flgw.

The author has checked this critiesl sngle and the
eonstruction of 1/4" snd 3/168" diameter Pitot tubes bj observe
ing the position of the hole in a stream of known direction
at a point where the statiec pressure wess known. This check
gave an angle of 39% degrees for the veloecity range met in
thegse pump tests. It is interesting to note that these
latter messurements were mude in water, but that the Reynolds!®
number was substantially the same ns that used by Fechheimer.

A static pressure comparison wes made on & pump Pro-
vided with several pressure connections in the volute wall,

The pressure at each wall point was messured with the Isbora-
tory balance pressure gages. Pitot tube holes were also
drilled around the volute und stutic pressures messured with
a Pitot tube built on the basis of this 39F degrees idea.

The two independent static pressure mesgurements agreed

18, "4ir Forees on Circulsr Cylinders", H.¥. Uryden,
Scientific Paper Ho. 394, Bureau of S8tanderds, 1920.

19. .&cSﬁHnEa Tr&n&actions, 1926, \;Ol- 48¢



8

clogely, this checking the ritot tube. 4An exact comperison was
not possible because the Pitot tube holes were slighitly dig-
ploced in both radisl and axiai directions from the static
pressure connections in the volute.

Pig. 3 (Pege 9/ shows the construction of the Pitot
tube. The smml]l pressure openings were possible because of the
use of & special differential gage (described on Page 15). In
using the tube in the pump volute it was necessary toc balance"
the tube. Two static holes were used, esch hole being con-
nected to one side of & differential gmge. The Pitot tube in
the unknown stream was rotated sbout its own axis until the
pressures at esch hole were the same, in other words, the .
differentisl pressure was zero. At this position velocity
pregsure hed no effecf onn either hole, and either hole could
be used to measure statiec pressure. The bisector cof the angle
between the holeas gave the direction of flow. The dynamic
pregsure was then obtained by placing sn opening normsl to the
direction of flow, i.e., by 8imply rotating one hole back into
the stream 39§ degrees. Thus, with the values of the directly
measured total and static heads, the difference gave the veloeity
hend, and the mensured angle gave the direction of the velocity
vector.

In order to insure that the pressure openings faced up-
stream the Pitot tube was first rotated 360 degrees to find
the approximete position for maximum positive dynamie pressure,
Then the direction wss more accurstely determined by "balancing”
the pressures. .

A Pitot diameter of 1/4" was the smallest thet seemed
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gsafe. It probably would have been desirable to use a smaller

dismeter but, at the time this work was initiated dbrase tubing
was the only materisl avsilable. It was félt that the high
velocity pressures &néountered might have caused an sppreciable
deflection of 2 smaller tube.

Fige 4 (Puge1l) shows the apparatus used for checking
Fitot tubes. The swing spout and volume measuring tank made
poasible a meunsurement of the total rate of flow, while the lorg
length of pipe before the jet strzightened out the flow to insure
accuracy of direction. The jet diameter was messured with a
special micrometer fig., With the Pitot tube In the free jet
various tests were made on the magnitude of velocity messurement,
These are tabulated in Table 1, The small diserepancies are due

to the jet setup itself.

Table 1.
Checks on Magnitude of Velocity as Indicated br Pitot Tube.

Actual Velocity Veloelty indicated

Peet per Second ' by
{in Free Jet) Pitot Tube
26,6 26,6
37.0 37.0
41.6 41.5
45.1 45.1
48.4 48.4
53.0 52.9
85,0 54.9

57.2 57.2
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PITOT TUBE WALL CORKECTION

Por pump traverses s correction has to be applied
to compensaete for the close proximity of the wall. Using
the apparatus shovn in Fig., 4 (Fagell), /16" and 1/4" diometer
Pitotb tubes were inserted across different sizes of bress tubes.
Veloelty traverses were mmde wsing the same technigue ss on
punmp traverses., Fig. & (Page 13) shows some of these profiles.
For each case of a ritot tube in a pipe the mean velocity from
& traverse was compared with the mean veloeity from simulteneous
volume measurements., whis plot is shown in Fig., & (Fage 14,

and covers more than the range met in pump traverses.,

STUFPFING BOXES IH VOLUTE

Pig. 7 (Page 15) shows how the Pitot was inserted
in the different pump volutes. Long stuffing boxes were used
to give & rigid support to the Fitot tube.
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SPBCIAL DIFFERENTIAL (QAGE

An ordinary mercury or water U tube manometer would .
be out of the question on these Tluctualing pressure messurements.
To obtain a reading in a system using an ordinsry U tube an
aprreciable flow is required through the Pitot pressure openings
and the comnecting leads, hence &8 reading could not be obtsined
in o reasonable time. This 4ifficulty was overcome by the
development of a special differentinl gage. Its main fentures
ere thaet only a very small amount of flow ig required for
operation, the gesge is very rasponsive, sensitive, and securste,
Many experimentera using Pitot tubes have been limited by the
ugseo of U tube manome tera., Buch a manometer recuires that the
Fitot pressure openings be large enough to avoid excesgive
damping, while this special differential gage permits the use
of much smaller pressure openings,

Pig. 8 (Page 17) shows the intermnl construction.
Since the helix element is the.aame as is used on pressure record-
ing instruments this differential gage can be sdapted to anvy
desired accuracy and range of pressure by s suitable selection
of helix. One end of the helix element is fixed, while the
other end is free to move. The free end is so connected ns to
ecause n rotation of the stellite mirror when the free end moves,
Water pressure is apprlied to both the inside snd the outside of
the Bourdon element, the whole mechanism beirg in water in s
claosed ecase. Thus, when the differential pressure changes, the
free end of the Bourdon element rotates the mirror. The mirror

arrangement magnifies this meverent with the aid of an optiecal
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i8
syastem. 4 light source sends s beam of light through the glags
window to strike the mirror. The reflected rav was focused on
a gradusted senle. Some photographs sre shown in Pig. 9 and 10
{Pages 19 and 20«

One interesting problem was that of the chromstie
dispersion of the light lmnge. DBetween the glags window and
the mirror is a wvarisble prism of water. Various mono-chromatie
lampe were tried, but proved unsatisfectory. The most satis-
foetory solution wes obtained by simply inserting & light
filter directly in front of the lamp.

The gage was calibrated with s desd welght gage tester,
Pig. 11 {Page 21) shows a typical straight line calibration
curve. Hepented tests over long periods of time have shown
thet this pgage holds its ecalibration precisely. One fauctor
that ﬁight gecount for this is thet of the selection of the
helix. The working pressure range of the helix element iz sbout
one-third the rated pregsure range. By prated pressure range is
meant the renge of the helix element ass used in standerd record-
ing instruments. Tests have shown that the scale deflection
denends éolely on the differentisl pressure, and is independent
of the abgolute pressure.

One interesting festure of this gage is that it
requires no time to give & pressure reading. If the ecocks {(one
to close off one conmection from the Pitot tube, snd the other
to open the vent) are handled quickly the light image comes to
the oressure position quicker than the eve can follow it, In
this gage there is no appreciable flow of water, it is practically

a8 constant volume system. It is obvicus the t many other appiica-

tions ean be found for this type of oressure instrument.
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SAKRPLING VALVE AND PH.SE SHIFTER

With the Pitot tube and the special differentisl gage,
measurements of average veloeity ecan be made in the pump velute.
Because of the minute flow required to operate the differential
gage it was possible to use a slide walve to sample the pressure
transmitted from the Pitot se any partieular point on the impeller
passed the Pitot tube. 4 description followed by some photo-
graphs will show how this was accomplished.

Pig. 12 (Page 23 ) shows the general arrsngement. The
two pole generator on the dynemometer shaft drove the four pole
synchronous motor at one~half pump speed., 4n eccentric on the
motor shaft worked in a yoke to impart simple harmoniec motion
to the push rod driving the two valves. Hach valve opened twice
{(back and forth) for every revolution of the synchronoué motor,
which meant one wvalve opening per revolution of the pump,.

When the valves.Opan@d the commatator contact would
fire the neon light at the protractor on the pump shaft (one
firing per one revelution of pump). The bolts between the field
end the end bells of the motor were removed, and means provided
for rotating the fleld of the motor. Thus there wes a2 positive
mechanical-electrical connection bhetween the pumpy shaft anl the
s8lide walve, and by simply rotating the field of the motor 1£
wag vossible to change the phase relation hetween the pump shaft
and the time of cpening of the vslve. It was possible to change
the phase by 360 degrees, while the strobosecope always gave &

precise indication of the position of ovening of the valve.
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Pig. 13 (Page 25) shows a self-explanatory sketeh of
one of the walves. HNr. &, R. Lockharéaohelped work out the
details of the sampling valves. FEoth valves are duplieates, and
scouretely positioned to open at exactly the same time.

Use wae rmade of the fact that the eccentric and yoke
imparted simple harmonie motion to the walve. Reecalling the
curve, Fig. 14, at the middle of the wvalve travel the velcci ty
iz 2 maximum while the mcceleration is zero. The wulve was
set to open at the middle of the travel. With a slot thickness

of 0.008" the time of opening corresponded to an sngulsr rotation

of five degrees of the impeller. Por the present a ahorter time

POSITION OF Vgrve OPENING

Vecoc/7y oF VaLve

‘+~W%%'Rmﬁb————4

Fre. 14

of opening wes not of great interest. The inertia forces of
the reciproeating parts were reduced nsg much as possible.
Operating tl® motor at one-half pump speed helped do this,

Eaech slide valve was placed in & line from & dead
weight gage teater to the specinl differential mapge. As various

known pressures were applied the corresponding differentisl page

20. H. 8. Thegis ¥.R, Lopkhart, 1934
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readings were noted. It wes found thet the motion df the valve
et any speed had no effect on the pressure gage reading. This
is probebly due to the feet that the valve opens at the point
of zero asccelerction. Whether or not this is the cumpletev
explanation, it is an experimental fzet that the slide valve has
no effect on the pressure transmitted.

Another interesting check was made. WVith the anparatus
instslled on & pump, in place of the Pitot tube an oscilliating
pressure of known frequency was applled to the slide valve,

The pump wes run &t various speeds esch different from the known
frequency of the applied pressure. For each caese the number of
"berts” ner minute, ss shown by the differentisl gege, correspond-
ed exactly to the difference between the pump R.F.M. snd the cycles
per minute of the applied pressure.

Tests have shown that each slide valve when closed
does not leak., If a gr=duslly decrecsing or incressing
pressure is applied te ¢ moving wvalve the differentisl gage
reading changes in jerky steps - for rarit of the timé the
valve is closed and the pregsure resding is held constant,

Some photographs of instellsations on two different
pumps are shown in Pig. 15, 16, 17 end 18 (pages 27,28,29
and 30;.



S/ 2l
diNd NOILONS WIONIS NOLONIHLYOM NO SnLvivddy

HOLOVMLOEd ANV HIINIOd HLIM ¥40L LOLId

HATVA HAIIS

27




28

LTddNS HaMod
3d00504904LS ST
JOVD TVILNTHILIIA
dHINN X0d ¥OV'TId

9/ 214

did NOILONS FTONTS NOLONIHIMOM NO SALVHVddY

gOVO TVILNIYTAITIA



29

SNONOYHONZS 40
ATITd DNILVLIOY
HOd HWSINVH!

L/ 2l

diiid NOTLOAS dT4R0d NOSMOVL-NOHAH NO SNLVMVddY

LAVHS diNd NO ¥

HATVA EATIIS

DLOVHLOYd



30

8/ “°/H

diind NOILOAS HT14N0d NOSIOVL-NOUZd NO SALVHV4IY




31
GENERAL REMARKS ON THECHNIQUE OF KP/SURFMENT

This technigue of instantaneous velocity messurament
is possible becsuse the system from Pitot tube to gage hes no
volume changes, the pressure is transmitted by the water with-
ocut any flow. Pressure waves in the conmecting leads might
cause trouble, but the length of the leads wes reduced to g
minimum by placing the slide velve ms close as possible to the
pump.

Ag for accuracy of messurements, the magnitude of
veloeclty was determined to within one-half per cent, while the
angle was read to within one-fourth degree. Hany resdings
were duplicated eloger then this,

To 1llustrate the sensitivity of this apraratus 2
cage will be cited., With the throttle zni suction head «t one
gsetting the pump wes ﬂperéted without using the asutomatic speed
control. The speed could not vary very much, no noticeable
"wandering” of the venturi resding or the head (developed by
pump) reading could be observed. However, the internal velocity
instruments showed an appreciable "wandering” or "scatter® of
readings, the apparatus being sensitive enough to detect the
slight variations of the velocity vecltoras inside the puﬁg.

Pump traversgs were made with caution and continuous reched: ing
to avoid any trouble of this kind.

it is to be noted tmt all the instruments were eare-
fully designed, and what ig reported here is the result of

considerable development work. The experimental checks have bheen
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mentioned., Test results Mave shown other checks. 411 these
facts demonsitr:zte the reliability of this new technigue of
megsurement,. The following éection will present the resgults
of measurements on two high efficiency pumps, one & single

suction and the other a double suction type.



BOTATIOR USED IN MEASUREMENTS

Por designating valve opening, one vane tip edge was
ghosen as a zeoro reference. Fig. 19 shows for two examples the
pogition of the impeller when the valve opena. If the valve opened
as the zero reference mark passed the Pitot tube the "phase
angle” was "zero degrees”. 17 the valve opened as some other
point on the impeller pasgsed the Fitot tube this point was
referred to the zero mark as so many "degrees phase angle”, where
this angle is measured in the opposite sense to that of the

pump rotation,i.e., the point "lags” the zero reference,

Prror 6%//#\
¥§/7 \<( ZERO [EFERENCE

Q
ZERO
REFERENCE
) G /
"Zero Deerces Fyase” O Dsspesrs [firse’

Fr6. /9

For designating the axial position of measurement scross
the volute "center” means over the center of the impeller, while
"right" or "left" refers to the side from this center, On the
double suction pump "right” and"left" were used with the
obgerver fucing the pump suction flange. Un the single suction

pump the "right" side refers to the suction side of the pump.



INSTANTANEOUS VELOCITY MEASUREMERTS ON

BYRON JACKSOR 8" DOUBLE SUCTION CENTRIFUGAL PUMP

PUMP RATIRG 4RD DIRERSIONS

Serisl Ko. 128407

Size 8

Type . Double Suetion
Capagity 2400 G.P .M.
Totel Hesd , 360 Feet

Speed 2500 R.P.H»
Specific Speed 1400

Impeller Cutside Diameter 13 3/8"
impeller inside Width 1 12/32", 1 13/32"
Impeller Cutside Width 1 3/4°
Humber of Vanes 8

A1l pump tests were made at 2000 R.P.H. The maximm
efficioncy(B4.6 per cent) at 2000 R.V.M. was the same as st
the rated speed. All tests were made st plus 40 feet inlet head,

g, 20 (Page 35) shows the spacing of the Fitot tube

gtetions in the volute.
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INSTARTANECUS VELOCITY DISTRIBUTION

BETWEEN VARES

A very interesting guestion is thst of the instantaneous
veloeity distribution between vanes. To test this, measurements
were made as the phase angle was varied and the Pitot tube kent
at a fixed position across the volute.Fig. 21,22,23, and 24
{pages 37,38,39, and 40) show that there was vractically no
velocity varistion at normal pump discharges. The slight
waviness in these curves night be due to varistions in impeller
dimensions and a slight impeller motion in the axial direction,
This lack of a velocity variation wass alac found in a single
suction pump test, and will be dliscusged later.,

The Pitot tube was s short distanee from the impeller,
and it is noseible that a large velocity variation does exist
in a very short radisl region close to the impeller perivhery.
The Pitot was vnlaced as close to the impeller as seemed advisable.
In one case there was 1/8" (one-half Pitot dismeter) clearance
between the impeller and the Pitot tube.

Suggestions have been made to consider a shorter time of
valve opening. if a large velocity variation did exist in &
shorter time it would be of minor importance, at least for the
present, as compared to some of the other unsnswered nroblenma

of internal pump flow.
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PREBTH

Fig. 25 and Pig. 26(pages 42) and 43 show the profiles
obtained from Pitot tube traverses across the volute, each
traverse being made at a constant phase angle,

One noticeable feature is that in most cases there is a
positive radial velocity outside of the shroud. Pump volute
cases were first built as indicated in PFig, 27, with a sml]
clearance between the runner and case, later, pump efficiencies
were improved by allowing ample clearance between the runner
shrouds and the case wall, as shown in FPig. 28, The Pitot tube

measurements offer an explanation of the improved efficiencies.
A clearance allows use to be made of some of the energy which
otherwise would be dissipated if trapped between thl shroud and
casing,



15/ 740N /)

1
i

BLE]

£

ER5ON

A

w

70

»

HNG}CE

E -
HASE.

L e

] T/?Né’ﬂw .

1rﬂ,v




1 B \

N B 1

o g MeeUr - i s
VELociry F7r- PER SEc-

t
~
S
> OU7TFLOW

Fis. 2¢

(G 2 : _
TNSTANTANECUS VELBHAQEESB " Across VoLuTE - Breon JACKSoN DOUBLE SUCTION FOMP. |inrEiek Verociry |

Pa ge 43

| \ABsecvrE VELociTy

L L 2800 £EIT. O° FHASE Ancle 3B~ Feor. P/Tor CENTQe T /MPELLER b 2 6B P FER BEGH

Pos/no/v /Vo- 12 Noemar@ | Pesirrdn No.l2 _éow,_(g: P f’oslT/ON Ne. 2 Non/nQ 'g ‘;:’B’ Z;W;rNgfz 542%”4—42

4.65 Cv. Fr Fer Src. | L B Cofr FErR \SEC. | » 465 22 FT FER Séc.

1 | ‘
i |
t 2 i~ e ek ot
| | 4
f el o = e i I
\ | | |
i { {
| ! f |
K | [ i [
| L S T E o e X i ' | i ’ Jiug
i | i ! | | ¢ £
| : ’ ' : | E !
-, ] ‘ | | 5 ! ‘
{i i £ e ) | ! S b ! L Sy
; ; i | | ‘ | !
: | ! 1 i { " :
f b ‘ | i N e
J | ' ' ; | f !
1 i !
/?/w/ﬁz C' omﬂofvavr af* L I ERS: e | A

ﬁ?asa:.urz V£4 acs 7‘)’

}

4

L |

e ==
{ 1

+
1

~

19

t t
& e
£

4
O

Deceres

— QUTFLOow

VELociTy /Mewes
Wirw /r1pEcier
TANGENT

i
Oy

t .1_,__/0.,w eatE SR S




44

Beferring to the radial velocity profiles at low pump
discharges, in each traverse there are two outstanding high
velocity peaks. The most reasonable explanation of these peaks
lies in a consideration of the centrifuge action of the shroud,
Prof. von Kérmin ﬁaa sugpested a calieulation to help explain this
matter., In the following ecalculation no claim is made to express
exactly the extremely complicated conditions in & pump, but the
computation serves to give the order of magnitude of several
factors, Prof. von Kérmén; has treated the problem of the
frictionasl resistance of & rotating dise for the ease of turbulent
flow. He considered a smooth flat disc wetted on one side. The
various momentum changes were itaken into account, and the veloecity
distribution in the boundary layer was taken Iin accordance with

the seventh-root law. The following expressions were derived in

the treatment: z
Co= 0e/62 RW §= 0.522 e(—z%/; o
where ¢, = maximum radial velocity in the boundary layer
= radius of dise
w= angular velocity of the disec
§ = thickness of the boundary laver
Y= kinematic viscosity of the fluid
‘The above is for that of fluid on one side of the disc, For a dise

wetted on both sides it would be zg¢ shown diagramatically in

Pipg. 29(page 455).

21), * Uber Laminare und Turbulente Reibung”

Z. angew, Hath, lech., wol, 1, 1921
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Applying the sbove two relations to the particular case
of this double suction pump test, and taking forK the rsdius to
| the periphery of the impeller, there results;
Co= /89 F7. PER SEcC.
§= 0./57
it is interesting to note that some of the measured radial veloeity
peaks are cleose to this computed value of ¢, while the measured
radial velocities over the center of the impeller lie be;ween
5;0 and 7,5 feet per sec, lHote also that most of the peak
velocities occur at a point within the computed boundary laver
thickness, These facts give a good indication that while the
flow over the impeller center is being held back each shroud acts
as & centrifuge to discharge a sheel of water into the volute.
The question might be raised as to why there is a lasck

of a "ghadow” in the velocity profiles, since, referring to
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Fig. 29{(page 45, directly over the shroud thickness there should
be no radial flow., For this pump each shroud was about 3/16" thick.
Also take into account the high value of ¢, and the fact that

the pump is being throttled. In view of these factors it is

guite possible that in & very short radisl distance the flow

from either side of the shroud ecould diverge, and that in this
short distance these divergences could combine to give an
aprreciable positive wvelocity over the shroud thickness,

There is ancother question as to the source of the water
which the outer fuce of the shroud may dischsrge into the
volute. Another pump test at low capacity showed radial inflow
{ flow towards the axis of rotation) completely scross the
volute, in a short region at the upstream side of the tongue.
Prom this experimental evidence it seems guite llkely that at
low pump capacities there is water aveilable for the outer
face of the shroud to discharge into the volute.

411 these considerations serve to offer the most
reasonable explanation of the unusuzl radial velocity profiles
found at low pump discharges.

Pig. 30{page 47) show the various veloecity vectors at

Position Ho. 2 which is the nesrest Pitot station tc the impeller.
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PITOT TUBE HPASUREHENTS AT DIFPERENT PUMP DISCHARGES

®With the Pitot tube at one position in the center of
the volute, the pump capacity was varied, The results are gshown
in Pig. 3l(page 49).

One important item of considerable practical interest
is shown by the Pitot static pressures at the two stations
nearly 110 degrees apart. At low flows there is an appreciable
difference in static pressure showing evidence .. an unbalanced
force on the impeller, At low flows the pump is a good fatigue
testing machine, and this unbalanced force may be a serious
matter. It may be enough to deflect the impeller Lo cause
wearing of the seal rings, incrense clearances, drop efficiencies,
and in severe cages to break the pump shaft, Kote that at high

pump flowe the unbalanced forece changes direction.

COMPARISON WITH BMOMENTUN Lﬁﬁl
If it 1= assumed that a "free vortex" exists in the
volute, the angular momentum will be constant and the vroduect
RV 1s econstant, where A iag the radius Lo gsome peint in the
volute, and V is the tangential velicecity at that point,

Figes 32(page 50 ;| shows & close agreement for one case.

@ith this double suction pump the investigation wss
limited becmuse it wasg not possible to provide Fitot stations
around the entire volute. However, in a single suction pump
it was roooihle o provide stations eround the entire volute,
and 8o the following section gives the results of & more

comnlete study.
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IRSTANTANEOUS VELOCITY HEASUREMENTS

OR WORTHINGTON 7" SINGLE SUCTION CENTRIFUGAL PUKP

PUHP RATING ARD DIWENSIONS

Serial KNo. 887789

Size ¢

Type Single Suction
Capacity 2400 G.P .,

Head 360 Feet

Speed 2000 RoP Mo
Specific Speed 1720

Impeller Outside Diameter 123"

Impeller Inside Width 1 7/32", 1 15/64"
Impeller Outside Width 1 17/32"
Humber of Vanes .

A1l pump runs were mude at 2500 R.P.H. The maximum
efficiency (88.6%) at 2500 R.P.l. was the same ag at the
rated speed. All tests were made at plus 40 feet inlet head,

Fig. 33(page 52) shows the spacing of the Fitot tube
stations in the volute.

Extensive tests were made at three different pump
discharges- "normal”, "low", and "high". "Normal" pump discharge
ig that at the point of maximum pump efficiency. "Low" refers to
a discharge less than "normal”, and "high" refers to a discharge

grester than "normal”,



Héo 33 Page 52

DIMENSIONS ©oF Firor LOCATIONS

Posirion| “R” “@" Di1sTANCE
No. | D A <
77 7 . o aml o
/é / A 6.70" 25.g 0.45"
8 6.68" | 49. 0.43"
é % c 6.68" | 67./ 0.43"
& / D 6.66" | 90.2 0.4/"
é /] E 6.67" | 135.4 0.42"
é’ / 3 G.e8" | 1576 0.43"
/ i 6. 69”" 224.9 0-44
6.68 269. 0.43'
4 ? /lll',"' 7 & 72" 295.; o.4.'37"
‘ / = " J 6.2 18/4.5 0.46"
, / 4 s - "' K 6.7!" 334./ O. 46" .
4 8 Z 6.7" |354.8 0.46"
® »\ > :
’ el.“
0 o\
(

Vane Exir AnGLE =20°

S

ImPELLER Dif.= /24"
= % :
ANGLE O MEASURED " ‘/
CrockwiSE FROM TONGUE "' 1‘.’ ®
"' Piror TuvBe LocATrons

ﬁé-. 33 LocaTion oF FiTor /HOLES

WorTHINGTON SINGLE SvcTion FurrP
ScALE Z’_- Sr1ZE
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INSTANTAREOUS VELOCITY DISTRIBUTION

BETWEEN VAHES

Fige 34 to 39 inclusive {(pages 54 to 59 inclusive)
show the regults of measurements as the Pitot tube wus kept at
a fixed position across the velule and the phase angle varied,
Hote carefully the coordinate scales used.

Flge. 34 and 35 show that there was practically no
. velocity variation at normal punp discharge. This was the same
as found on the double suction pump (page 361}.

Pig. 36 and 37 shows a slight change in velocity with
phage angle at low capacity. The flow is not exsetly neriodic.
At low pump capacity the veloeity head fluctustions were much
graater than at normal capasecity { the head fluectuations were
not great enough to seriously affect the sccuracy of the

, 1
measurements}. The gualitative experiments of Fischer and Thoma

”

have shown that et very low pump capacities the flow conditions
were characteriszed by two different criteria: 1) The outward
flow;és no longer stable and varying conditions of reverse flow
appeared, 2} 4t any given tine different flow conditions were to
be found in the different water passages” . Reverse flow here
refers to the dend-water zone compesed of whirls and eddies, the
zone being on the low pressure side of the vane. Thus the
present measuremsnts agree to some extent with the findings of
Fischer and Thoma. However, the present measurements show only
a slight veloeity variation at low punp eapacity, and any
comparison should take into aeccount the remarks made in the
Introduction of this puper.

Fig. 38 and 39 show & slight change in velocity with
phase angle at high pump discharge. |

T8 R G.iehe Transactions,iose
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VELOCITY TRAVERSES ACROSS VOLUTE

- A4) NORMAL PUKP CAPACITY

Pige 40 and Pig. 41 (peges 66 and 67 ) show the profiles
obteined from Pitot tube traverses scross the volute, each
troverse being made at & constant phase angle, Recalling the
notation discusced on page 31, the right side of the impeller
- ecenter isg the inlet side of the pump. Becocuse of a projection
on the pump at the time of mensurement Position 1 is neﬁ 8
complete Lraverse.

In the familayr discussion of double suction pump vs.
single suction pump it is sometimes cluaimed that the double
guction pump gives a better or more symmetrical velocity
distribution. 4 comprrison of Fig. 40 and Pig. 41 with Pig. 25
and Pig. 26( peges 42 and 43) ghows that the absolute velocity
profiles of the double suection pump are slightly more
aymme trical than those of the single suction pump. For a
ma jority of the traverses in the single suetion pump the max-
imum absolute velocity is to the right of the impeller center,
while the double suction pump profiles show the maximum absolute

velocities at the impeller center.

These Pitot measurements show one general result and
that is that the flow conditions are not wniform around the
volute. Fig. 40 and Plg. 41 show that the profiles differ in
character and magnitude, leasgurements st other pump cap&ciﬁﬁ&s
yield snother general result and that is that the flow conditions
at normal discharge are more uniform than at low and high

capacities, This latter result is quite ressonadle when mceoumnt
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is taken of the fact that at normal capacity the pump has
reached its maximum efficiency, and therefore the flow conditicns
should be the moat favorable.

This lac of uniformity of flow conditions ie indicated
in Fig. 42({page 68 ), & plot of average radial veloscity vs.
angle around the volute., For sach Fitot station in the volute
the average radial velocity was found from s complete traverse
across the volute. Integration of this curve and & consideration
of the aren gives a net quantity of flow which should agree
with the flow registered by the venturi meter., Fig. 42 shows
that the agreement is not ax&ét, but the agreement is quite
close taking into sceount the considerable separation of some
of the Pitot stations., This apgreement serves as a check upon
the rellabiliiy of the Pitot tube measurementa, Hore Pitot
stations could not have been provided because of projecting

stude and obgtructions on the pump.

VELOCITY TRAVERSES ACROSS VOLUTE

B) LOW PUKP CAPACITY

Pige 43 and Pig. 44(pagee 69 and 70} show the profiles
obtained from Pitot tube traverses across the volute at low
pump discharge.

The profiles differ very much in both cherscter and
magnitude, and show that the flow conditions at low capacity
are very much less uniform than at normal capaecity. There is &
more or less progressive change in the profiles from ststion
to station. Hote particularly the cames of inflow, that is,

flow towards the axis of rotation, 4t Position L. there isg
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inflow completely across the volute., With the flow throbttled,
there is probabdly a dead waler zone in the diffuser, and thus
the impeller outflow( in other parts of the volute) is forced
baek in towards the impeller at the tongue.

Pig. 45({page 73 )} shows the average radial veloeity
distribution around the volute, Between Positions L and 4 thére
is a very appreciable, abrupt change in the aéerﬂga radial
veloclity, and naturally & guestion exists as to what ecurve to
draw Detween Positions L and 4, The one given seems the most
reasonable and congervative. On the basis of this curve the
guantity of flow indicated by the Pitot agrees very closely
with the flow registered by the venturi meter, This eclose
agreemant in these erratic flow conditions speaks well for this
technique of measuremsnt.

Referring to the radlsl velocity profiles iﬁ flg. 43
and Pig. ¢4, in pany of the traverses ure found two outstanding
high velocity peaks, as wag obaerved in the double suction
pump tests (page 44). applying the two relations discussed on
page 44 to the particulay case of this single suction pump

teat there resulta:
Co= 22o/ FEET PER SEC,

52 00/4”

where (, = maximam radial veloclity in the boundary layer

S= thickness of the boundary leayer |
Here, as in the double suction pump test, one notes thet some of
the messured radial veloelty peaks( in the cases of double peak

profiles) are close to this computed value of C« Hote also,
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as wea observed in the double suetion purp test, that many of
the peak velocities occur at & point within the computed
boundarv layver thickness. Undoubtedly other factors besides the
shroud sre aflfecting the impeller flow, but the present point
is that the most ressonable explanation ¢f the high veloeity
peaks stateg that these pegka are due to the centrifuge action
of the shroud, The inflow at such stations as Fosition L

could easily furniah water for the outer face of each shroud

to diecharge into the volute,

VELOCGITY TRAVERSES ACROBY VOLUTE

Q) HIGH PUMP C'PACITY

Figs 46 and Fig. 47( pages 72 and 73) shew the profiles
obtained from Pitot tube travorses at high pump capacity. The
traverses are not complete, but the measurements are useful
to some extent in a cém@arison with the reasults of tests at
normal end low pump capacities, |

There is a definite progessive change in the absclute
velocity vrofiles from Fosition A to Position ¥, Some of the
radial velocity nrofiles are amoother and more aymeetriecal than
those at normal capacity, while others are as distorted as
those at low capacity.

Fig. 48(page '74) show that the radial v&locity
distribution around the volute s much less uniform than that

at normal pump discharge,
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UNBALANCED RaDIAL FORCES ACTING ON IMPELLER

Fige. 49(page 75 shows the static pressure distribution
around the volute as glven by the Pitot tube. The static
pressure plotted is that developed by the pump, and thus does
not include the inlet pressure. The dotted horizontal lines
indicate the mean stetic pressure walue for easch pump capaclity.

The static pressure shows the same general trend ag
wes observed with other characteristies of the pump flow,

Flg. 49 shows that at normal capacity the gstatic pressure is
much more uniform around the volute than that at high and low
capacities., Furthermore, the static pressure is not exactly
uniform at normal capacity. leck of uniformity indicates an
unbalanced stulic preasure force.

Fige BO(page 76 . shows both the unbalanced static
pressure and the momentum forces acting on the impeller, in the
absence of other definite information the width of the impeller
was taken as the sres over which the statiec pressure acta.
Becausgse of a lack of uniform velocity distribution around the
volute there is a momentunm force acting on the impeller.

Pig. 50 shows that the momentum force is emall in comparison
with the statlc pressure force. 1t is interesting to note two
features about the static pressure force, the momentum force,
and the resultant force- 1) each force is larger for low and

high discharge than at normal discharge, 2) each force changes
direction as the pump discharge ig increased from low to high.
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POW'R_BALANCE AROUND VOLUTE

| Pig. 5l(paga§%¥§ shows a power balance around the
volute for low and high pump discharges. The Fitot horses-
power was computed from Pitot tube measuvements of total head
and radial velocity. The total head is that total hesd developw
ed by the pump and therefore does not include the inlet head,

The area under each eutve in Pig. 81 gives the total
hﬂrﬁef@ower at the imeginery evlindricsl surface whieh passoes
through the Pitot stations and ?hieh extends completely across
the volute., For low capmcity the inflow(towards the axis of
rotation) acecounts for the nepative power wvalues.

The shaft input horse-power is the power input at the
pump shaft. The difference bhetween the shaft input horse-power
and the Pitot horse-powsr is lubelled "impeller loas" for the |
sake of convenience. Acbually this so-labelled "impeller loas"
includes more than the logs in the impeller proper.

The power distribution is more uniform at normal
eapacity than st low capaclty, and further, the power

distribution is not sxactly uniform et normal capacity.
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° y Nore: “Sraric Pressuee Force'
7 7 EFERENCE HAXES ReFers To THE UNBALANCED

' STRTIC FRESSURE KACTING

ON ARreR ’ﬂf IMIPELLER
Wiormw (155 )

X
Y !Y Y
4
|
| [
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2257 Fopce = 405 Lss f MomenTurr ForRce= /6 LBS.
ResueTANT Force= /11 Las. e ] =336 LBs.
R ranr Fages = 425 L85, LTAN orc 5 ' 57ATIC FRESS. /ORCE =3 B85
I
PMOMENTUM FoRcE=/65 LBS.
_ X - 49'2". X X ,
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DIRECTION OF VELOCITY VECTORS

Fige. 52 shows the notation used in desi‘gnating the

dirvection of the velocity vectors.

el Vane 7anGenTt
o e g
\

Vane

Fle. 92

Fig. 55 shows the average direction of the absolute
velocity at different Pitot stations. On Pig. 40,41,43,44,46,
and 47 ave piotted the measured angles from traverses across the
volute, Average angle "A" as shown on Fig. 53 is the average of
a curve of these measured angles across the inner width of the
impeller.

At normal pump capacity the average angle "A" is slightdy

non-uniform, while the direction is much more uniform than at
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high and low pump cepacitles.

Fige 54 shows the average directlon of the relatlve exlt
velocity vectors at the different rFitot stations. all points
but one show a relative exit angle less then the vane exit
angie, that is, the relatlive exit velocity 1s not following
the vane tangent, Considering this matter of relative exit
directicns, there is a remarkable sgreement between the observed
values snd the conclusions reached by fyof, Hel.leug