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INTRODUCTION

The comron and widesvread use of centrifugal pumps has caused
a great deal of investigation tc be carried on and a vast anmocunt of
knowledge accunulated regerding the normal operation of this type of
apparatus. In & like manner, due to the rarity of the occasion on
which a pump might operate under abnormal conditions, there has been
little work done to determine the pump characteristics for this tvpe
of oneration.

True, the abnormal conditions are very infrequent, but they
may become of paramount importance where the pumps invoelved are worth
tens of thousands of dollers and ars depended upon to supnly domestie
water to millions of people. A little effort and money could well be
spent to insure such a system against failure from these unknown
factors.

Normal operation might be classed as positive rotation (of the
impeller) and positive discharge. The three conditions of abnormal
operation would then be positive rotation and negative discharge (water
flowing backwsrds through the pump), neegative rotation and positive dis=-
charge, and negative rotation and negative discharge. The first of these
three conditions might occur if for some resson the head on the pump was
suddenly increased, & condition arising from the sudden shutting down of
& separate punp in series with the férst, assuming thet the check valves

sinmilar situstion would exist

ol

failed to funection. To a lesser degrse
under regular shutting down operstions (assuming ss in the shove that
the valves failed to function), the energy of the rotating impeller

serving to zause positivse rotation for a limited tinme.



The second abnormel condition (negative rotation, positive dis-
charge) might occur if for some reason the direction of rotation was
reversed, and the operating head was low, or the reversed speed high.
The third condition (nezative rotation, negative discharge) would exist
late in the shutting down operation after the energy of the rotating
impeller had been dissipated (valves failing to funection as before).

In both cases of reversed flow the amount might be only that in the dis-~
charge pﬁpe, or in the case in which the discharge was connected direct=
ly to an elevated tank or reservoir, the flow might be proleonged.

It is quite important to know whet would happen in these unususal
cases, especially in connection with the electrical apparatus. Will
there be excessive power demand which might blow out ecircuit bresakers,
or will the motor act as & generator and put power back into the 1line?
Ir so, st what voltage? And what might be the meximum speed expected?
What torque would be necessary to start a pump through which water is
already flowing, either in the positive or negetive direction? Vhat
will be the duration of such conditioms of the amount of water that
has to be considered is only that in the discharge line? =---- A complete
investigation of these fields is necessary in order tc answer the

guestions.



OBJECTS OF THE EXPERIMENTAL WORK.

With the questions which were raised in the introduction in
nind, we attempted to determine the characteristics of a small centrifugal
pump under all possible operating conditions, and to draw curves from
the data thus collected which would be of use in solving these problems.
Of course our pump is quite small, and the degree of variation of cond-
itions limited by the laboratory equipment, but still the results
should give a reasonable idea as to what might be expected with larger
units, and cover the renge of most of the abnormal fields which can be

found in actual practice.



PROCEEDURE.

In order to secure sbnormal conditions in the laboratory it
was necessary to connect the pump to be tested in series with another
larger pump which would serve as a source of supply. This supply pump
had to be powerful enocugh to force water through the other pump under
all operating conditions. This type of connection was also an advantage
in that we were thus assured that there would always be a supply of
water under pressure on the suction side of the test pump. In the
cases where the total head across the pump was small this condition was
guite essential.

To drive the test pump we used a three horse-power direct
current, direct connected motor mounted on bearings so that the stator
could rotate. By the use of'a lever arm &nd spring balence we were
able to read directly the force causing torque. To control the speed
and hold it constant it was necessary toc use water barrels in the arme
ature circuit and a rBhostat in the field circuit. After scme experi-
menting it was found that the only way we could secure sufficient speed
control was to have our driving motor separately excited from an adjuste
able voltage generator,lleaQing the above mentioned rehostats in their
respective circuits. ZEven with this arrangement, due spparently to the
characteristics of the motor, it was impossible to secure constant
speeds for all conditions of operation above 1400 revolutions per minute.

The guantity and head were varied by velves on the output side
of the pump. The quantity was measured by timing the flow into a tank
and then weighing the water, the tank capacity being about 400 pounds.
The head scross the pump was measured by a consiant volume mercury
manometer. This type of menometer is especially convenient &s one

reading is sufficient to indicate the head.



In operetion the proceedure was to weigh the empty measuring
tank, and to adjust the reguilation valve, then bring the motor to the
proper speed. As quickly as possible we would read the head, read the
scales measuring the force of the torque, and time the flow of water
necessary to £ill the weighing tank, after which the fﬁll tank was weigh-

ed. In general this cycle of operations took about four minutes.

N



REQUIPMENT «

The pump used in this experiment was manufactured by the Byron
Jackson Company of Berkeley, California. The pump is number 115278, type
VA 1 1/2 x 10, date 6-25-30.

To drive the pump we used a Continuous Current Motor, Shunt Wound,
Number 347059, Type CVC 111, Form A 405. The normel speed was 1650, 115
volts, Open-ilP 3, Ampse. 23.9. The maker was the General Electric Co.

The Probetor wes of German make, Breveté, number 10003.

- For speed regulation we normally used a tachometer made by the
Electric Tachometer Corp'n., Phil., Pa, The model was Teteco. The magneto
number was 60071. The indicator was number 198185, model ¥, Millivolt-
meter, made by Weston Electrical Instrument Co., Newark, N. J., Model 45.

This techometer was very advantageocus in that it was possible to
place the indicator near the electrical controls so that the person
asdjusting the speed could read the instrument directly.

To measure pressures we used a menometer of our own meke. It
consisted of a mercury well comnnected to the lower end of a short glass
tube by small cloth covered flexible rubber tube. The point of high
pressure was connected to the top of the well, while the point of low
pressure was connected to the top of the glass tube through another
seetion of the flexible tubing. This glass tube was fixed to work over
pulleys and slide up and down a board along side of a steel tape. At
zero pressure the level of the mercury was brought to a seratch in the
middle of the glesss tube, the elevation of the mercury in the tube
then being the same as in the well. This determined the zero reading.
When there was any pressure across the system the level in the glass tube

was maintained up to the seratch, and the height measured directly on

the steel tape.

)



Plate I shows a diagram of the layout. There are also two
pictures showing the set up as we used it. Plate II shows the wiring
diagram and means of controlling speed. One of the two=-pole double
throw switches is for reversing the motor, the other is for cutting

off the power input and loading the motor as a generator.
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ACCURACY AND ERRORS

The electric tachometer was not accurate at eall speeds, so each
time thet we changed speeds we checked this instrument by the use of a
probator, and thereafter on that particalar run we compensated for the
error in the tachometer. On frequent occasions we would check the speed
at both the beginning and the end of a reading in order to meke sure that
the speed had not changed during the time of the run. We found that there
was a slight variation at times, but the amount was small, and we found
it almost impossible to maintain absolutely constant speed for any long
period of time. The high speeds were the most stable. Our probable
error in speed was about one percent to about & half of one psrcent.
Speed of course has a direct bearing on the quantity and heasd. This
effect would be most noticeable at shut-off head, and probably for this
reason our curves are less accurate in the region of zero quantity then
in the regions of appreciable quantities.

The scales on which we measured the weight of water were quite
sensitive and measured down to one half a pound. The error varies
probably from about two percent at relatively low quantities to about
one quarter of one percent for large quantities.

Occasionally we were able 1o secure a stop waitch to measure
the time necessary to fill the weighing tank, but most of the time we were
forced to use the timing device on the probator, a combination revolu-
tion counter and stopwatch. Of course the watch was quite accurate, but
the probator read directly only to seconds so that parts of seconds had
to be estimated. Another difficulty was that the maximum time of the
probator was only about sixty~five seconds, so that when the gquantity of

water flowing was small we were only able to measure the flow for a period
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limited by time and not by the capacity of the weighing tank as was the
case when we had large guantities flowing. However, due to the‘type of
the arrangement for changing the flow into and out of the weighing tank,
our timing was not any more accurate than could be read on the probator.
Probably the maximum-error in timing was three fifths of a second. For
the minimum period which we used this would be an error of less than
four percent. For the maximum time the error would be one percent.

To both the suction and discharge sides of the test pump we
attached fairly long (five or six feet) lengths of straight pipe, and
from the centers (with respeet to length) of these sections we attempted
to take our head measurements so that we would not have turbulbnce as
part of the head reading. Due to the length of these sections, however,
it was hard to insert a tube at right sngles to the pipe in such a fasgh-
ion that it would end just flush with the inside éurface of the pipe.
The asdjustment was made as geood as possible under the circumstances, and
the result seemed to indicate that the existing cénditions were satis-
factory. vAt low quantities there was practically no fluctuation in the
level of the mercury in the maenometer, and at high quantities the erratie
fluctuations were seldom more than 0.10 feet. Of course under some of
the unusuel conditions we were operating with large quantities at very
low heads so that head fluctuations would cause considerable error in
the total head readings. In general no difficulty was experienced in
determining & reasonable point in the range of fluctuations to consider
as the sverage head reading.

The highest point on the manometer tube was equipped with a
valve opening to the atmosphere so that we could‘frequently test the

manometer tube system to meke sure that there was no air present in the

tubes.



The scale reading the torgue force was rather sluggish, so

each time that we read it we would jigegle it several times by hand and
then take & reading which we considered to be a mean. The results of
the various jigglings might vary as much as 0.10 pound. The error in
reading was probably_five percent?iess. This is probably more accurate
than the overall power reading due to the fact that we frequently had

to tighten up the packing gland of the pump which in itself absorbed a
considerable smount of power and could thus cause considerable variation

in driving torgue.



CALCULATIONS.

The calculations necessary to draw the curves are quite simple
and routine. The empty and full weights of the measuring tenk were sub-
tracted giving the total quantity measured in pounds. This figure divid-
ed by the time of flow in seconds gave the gquentity per unit time in
pounds per second.

To the height of mercury in the constant volume manometer was
added a correction factor of 0.15 feet of mercury. This constant was
necessary to correct for the fact that the zerc mark of the steel tape
failed to coincide with the actual zero mark by 0.15 feet. The height
of the mercury ecolumn ( plus correction) was then multiplied by the
density of mercury less one (the density of water), giving the head in
feet of water. The reason for subtrecting the density of water from the
density of mercury before multiplying is to compensate for the fact that
the meanometer tube above the mercury and down to the point of low pres-
sure reading is filled with water.

The scale measuring the force of the torque did not give accurate
readings directly, so it was necessary to draw up a calibration curve.
The actual force was found by thé use of this rating scale and then a
constant representing tare was subtracted. This gave the actual force
that the motor was exerting on the lever arm at the point of bearing of
the knife edge.

Sample calculations:i~

Speed- 1000 R.P.M
Weight empty-~ 55 1bs
Weight full- 445 1bs
Time 60 Sec.

Torqus scale reading- 8.6 lbs

Manometer reading- 3.85 in. of Hg.

v/
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Calculated

Quantity~ Wt. full minus Wi. empty = 390#

Quentity per unit time- Quantity/time = 6.5 1lbs/sec

Head in feet of water~ (3.85 plus correction of 0.15) x (density of
mercury minus one) - 4.00 x 12.56 = 50.25 feet.

Forece of torque- from calibration curve, force = 1.95 pounds.

The correction to add to the 3aad is due to the zero end of the tape
being 0.15 feet above the true zero point. This correction is to be
numerically added to head at all times unless there is a note to the

contrary.



DESCRIPTION OF CURVES.

General.

In all curves the heads as plotted are in feet of water, and
the quantities are in pounds per second. Pounds per second may be con~
verted into gallons per minute by multiplying by the factor 7.19. Thus
twenty-five pounds per second equals 179+ gallons per minute. Torque
is measured in pounds at the end of a 31.5 lever ard.

In the first six figures the curves are all lines of constant

speed.

Figure 1. Head Quantity, Positive Rotation.

On this figure, quantity to the right is positive, that is
normal discharge, and head above the quantity coordinate represents
normal positive pressure on the output side. The curves in the second
quadrant represent water being forced back through the pump while it
is still rotating in the normal direction, there being a large head
loss across the pump. That is, the head is high on what is normally
the discharge side, and low on the suction side. It can be noted that
head increases very rapidly with an increase in quantity.

Curves in the lower right hand quadrant represent water being
forced through the pump in excess of what it would normally carry. In
this case the head is higher on the suction than on the discharge side.

The first quadrant indicates the normal pump characteristic
range, showing normal positive discherge and positive head. It should
be noted that this pump apparently has a slight rising characteristic.

This curve is probably the least accurate in the region of

zero gquantity.

Figure 2. Head-Quantity, Negative Rotation.

This curve is similar to the Quantity Head curve for positive

V-
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rotation in that curves represent quantities and heads in the same
direction. The curves show that a pump will deliver a relatively low
quantity of water at fairly low head even if the pump is rotating back-
wardse

Under this condition, when the quentity is negative the pump will
act as a turbine, the motor acting as a generator which must be loaded
in order to keep the speed constant.

We have not been able to arrive at a definite conclusion as
to why the curves crossed at the ends. Although this phenomonon appears
incorrect, it apparently is correet judging from the way that such chare

acteristics plotted on the composite curve.

Figure 3. Quantity Torque Curves, Positive Rotation.

As the title indicates, this curve is the relation between
the quantity and the fTorce producing the torque. This torgue measure is
in pounds at the end of & thirty one and one half inch arm.

The portion of the curves to the right of the dash line are
in the region of negative head. The curve for six hundred revolutions
per minute shows quite clearly that if more water is forced through
the pump than it would normally deliver that the impeller begins to
act as a turbine and deliver power to the shaft. If the quantity availe
able was sufficient to carry the curves further out to the right it would
probably be found that this condition would occur for &ll speeds.

The curves to the left of the dash line but still in the region
of positive quantity show that at high speeds the force of the torque
increases quite rapidly. Since horse power for any constant speed is the
product of the measured force and a constant, the curve is also an
indication of the variation of power.

To the left, in the region of negative quantity, the curves show

that at first there is a decrease in power (for small quantities) and then



that the power starts to incresse quite rapidly. We did not have the
equipment necessary to carry this curve out very far. The curves are
quite steep at the ends, and it would bs intereésting to carry the curves
out further and see what would happeg;

There is a possibility that if the curves were carried out far
enough to the right that the lower curves would cross the line and indi-
cate & negative torque which would mean that the pump was acting as a

turbine and that the motor was acting as a generator and delivering power.

Figure 4. Quantity Torque curves, Negative Rotation.
As in the previous set of curves the portion of the curves to the
right of the dash line indicate negative hgg@,ﬂggat is, & higher hesad on

whet is normally the discharge side than on thefgﬁétibnrside. This
region represents water force;:throughkthe pump ih’thé normal direction.
The portion bhetween the dash line and zeroc guantity represents
water being pumped in the normel direction by the negative rotation of
the impeller.
The region of minus torque indicates that the pump is aecting
8s a turbine. In this region it was necessary toc put a water barrel load

across the motor to absorb the generated power. In some cases the effiec-

iency as a turbine was better than forty percent.

Figure 5. Heed Torque Curves, Positive Rotation.
It might be said that this curve is a combination of figures
1 and 3. That is, there are only three parameters, so that having any
two of the three curves, numbers 1,3, or 5, it is possible %o derive the
third.
The long sweeping part of the curves to the right and below the
points of discontinuity represent positive gquantities, the region above

negative
the points of discontinuity being the portion depictingﬂquantity.

20
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Figure 6. Head Torque Curves, Negative Rotation.

This curve is similar to those of figure 5. By having any
two of the thres curves numbers 2, 4, or 6 it is possible to derive
the third.

The region to the right and below the dash line is the portion
depicting positive quantity. From the dash line down to the point of
zero head, the curves represent water being pumped in the positive
direction. DBelow the zero head line represents water being,forceg
through the pump.

Above and to the left of the dash line is negative quantity,
the portion showing negative torque indicating that the pﬁmp is acting

as & turbine and delivering power.

Figure 7. Composite Curve, Constant Head; Constant Torqus.

This curve is drawn from data taken from the other curves which
were teken from original data. In this case the abscisss represents varis-
ble speed, positive to the right and negative to the left. The ordinate
represents quantity, positive upwards, and negative downwards. The solid
curves are lines of constant head, as lebeled, and the curves below the
lines of zero head are positive head, while those above are negative head.

The short dash lines are lines of constant torque force. The
region below T = C and in the region of negative rotation represents
negative torque or power output. The remsinder represents positive
torque showing power input.

The line of zero head running from the origin up to the right
theoretically should be a strsight line for an infinite distance. However,
due to cavitation this curde bends over towards the right untilf it

approaches asymptotically a horizontal line, indiecating that beyond



a certain point inereasing the speed will not increase the quantity of
water pumpsd. The same is true of the line of zero head running from

the origin up towards the left. The location of the points at which

these curves begin to bend down towards the horizontal depends upon the
head on the suction side of the pump. If we had not used positive pres-
sures at the input side the curve would have bent over closer %o the
origin. This characteristic is obvious when one considers that the higher
the pressure in the pump the higher must be the quantity of water flowing
before cavitation occurs.

The curves labeled torque eguals zero are plotted from exper-
imental data. Tor positive rotation it was only possible to get a few
readings, all of which were at relatively low speeds. In fact the power
developed when water is forced through the pump in the positive direction
is so small that in order to secure these readings we disconnected the
motor entirely from the pump so that there would be no energy absorbed
in rotating the motor. The long dash lines near the lines of T = O are
estimated lines reﬁresenting the true zero torque lines, the plotted
lines being different from zero by the amount of torque necessary to over-
come packing end bearing friction. Of course at constant torquq,agf?i-
creeses, power increases. In all probability, once a fairly high speed
is attained it takes relatively little increase in power to overcome the
frietion increasse due to increased speed. Henee the curves would probably
be approximately as shown, the two curves of experimental and expected
T = U approaching each other as they receded from the origin until they
are neerly perallel. Probably the two experimentel curves should intersect
the ordinate at points of equal torque. Our data is not accurate enough in
this region to show whether this is true or not. If it were not true it
might be due to the brushes of the motor allowing rotation in one direction
more easily than in the other. Of course all of the other curves of

constant torque include the item of torque necessary to overcome bearing

LL
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and packing friction.

Figure 8. Sudden Power Shutoff, Constant Static head.

This curve is identical with number seven with the addition of
the O==-0===0=---0 curve. (A-A curve.) This curve represents what would
happen if & pump were forcing water up into a reservoir and the power
was suddenly shut off. It is assumed for the period of the calculation
that the capacity of the upper reservoir is large enough that the amount
of water flowing back down through the pump would not reduce the level
of the water surface. Thus there is a constant static head.

Normelly the water would be flbwing up through the discharge pipe.
As soon as the power was cut off thé impeller would slow down and stope.
The water would continue to flow in the positive direction for a very short
period, then it would reverse direction and flow back down through the pipe,
reversing the directiqn of rotation of the impeller and inecreasing its
speed up to what would be run-away speed for that particuler head. The
head ecross the pump differs of course from the static head by an amount

equal to the head lost due to pipe friction.
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DISCUSSION.

It is of interest to note that our composite curve agrees in
general form With & curve of similer nature plotted by Dr. Robert Knapp
from deta taken from curves shown in an article in the June 2, 1931
issue of Power. The article referred to was by C. P. Kittrdge on some
tests that he had run on centrifugal pumps under abnormel conditions, his
tests being run in Germany some time last year. The scale of the diegrams
in the magazine article was quite small so that the accuracy of the deta
taken from them is rather low, being only sufficient to show very general
characteristics.

In general the accuracy of our experiments should be higher and the
results of more value than those of Mr. Kittrdge due to the fact that we
used & pump which required about four times as much power. The normal
discharge of our pump was about the same as in the case of the earlier tests,
but our heed was four or five times as great. To be of value in determining
the characteristics of very large pumps it would be necéssary to use even
mueh larger pumps and devise a system of securing more accurate readings.

Due to the system used by Mr. Kittrdgeit would be impossible to
compare our results directly except through the medium of a composite
curve as shown in Figure 7. |

To secure more accurate readings it would be néeessary to use a
larger meesuring tank: Weighing the water discharged or measuring its
volume direetly is much ﬁore accurate than attempting to measure quantity
by use of a weir or Venturi meter. An elegtrical timing device would be
necessary to secure more accurste timing, and asutomstic speed control
should be provided. The only way to get around the inaccuracy dus to
bearing friction is to use pumps large enough that this item will be

small in comperison to the total power input‘or cutput. Packing glands
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always absorb some power, and this factor is never a constant due to
the fact that they must be occasionally tightened, snd then will wear
loose aggin.

As previously mentioned we controlled the flow by opening and elos=-
ing the outlet valves. At times we attempted to control by uéing the in-
let valve, This system worked all right and gave the same results up to
the point where cavitation began, but beyond this point the results were
of noc value to us in showing the desired characteristics.

Frequently we ran check tests which in nearly all cases gave
identical resdings. The only plaée where we encountered trouble was é%
shut off head. It was very difficult to secure duplicate readings at
this point.

Our values for torque foree should be considered as merely & good
indicétion of what should be expected from the pump. 4As previously
stated they are apt to be quite inaccurete due to the unknown and variable
quantities of bearing and packing friction.

Although our motor was rated at 1650 r.p.m. we were unable to
secure this speed under load. We tried all combinations of voltages,
bvut still could not cover the entire range at any speed higher than 1400
revolutions per minute.

For shut off heads we ran the speed up &s high as 1800 r. p. m.
for positive rotation and 1700 for negative rotation. We also took &
series of readings with the Wotor blocked so that it could not turn in
relation to the stator and measured thevresisting torque force which
prevented the motor from rotating on its supporting bearings.

The special curve in Figure 8 was caleulated and plotted by Mr.
Haynes who had also assisted in the regular computation work. This curve
cives an idea of the type of problem that can be solved by using the

date sscured from tests such as we ran.



So far as we know Mr. Kittrdge is the only one other than
ourselves who has run a series of tests on cenitrifugasl pumps under

these abnormal conditionse.
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DATA.

The following pages as indicated contain all of the original and
qalculated data. The head reading as taken must always have the correction
of 0.15 added unless there is & note to the contrary under remarks. The
last pages give the readings for shut-off head and for blocked rotor.
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1200 r.p.m. backwards. 1417NQ would mean & speed of 1400r.p.m., negative
rotation, negative quantity. 1013 would be positive rotation, positive

guantity, 1000 r.p.m..
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