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constitute a continuation of those previously ds 

laboratory report 113, "Studies to determine sul 

starting and stopping the pumps at the Granby pumping p 

Bradley, Fred Locher, W. A. Morgan, and T. 

As the pumping plant and the problems invol 

the above report, these will be treated briefly here. 

Compiled by: J. N. Bradley 
Reviewed by: J. E. Warnock 

Continuation of studies to determine suitable laethod for 
starting and stopping the pumps at Granby Dam p~nping plant 
- Colorado-Big Thompson project, Colorado. 

t ~ Purpose of inves igation. The tests :described in this report 

' by J. N. 

15, 1942. 

~Scribed in 

The plant ultimately will house four pumps, of approxi:mately 6,000 

horsepower each, which will be subject:to dlscontinuousAoperation re- 

quiring frequent starting and stopping. 'lhe starting or the :stoppin~ 

of pumps of this size under full load would cause dinning of~lights and 

interference with the operation of automatic equipment throughout the 

vicinity, as the rate of power input to the pump motors would, in some 

eases, exceed the rate of response of the generators at Green Mountain 

Dam. The tests described both here and in the previous report were per- 

formed in an effort to alleviate this condition. 

The purpose of the tests described herein w~s ~o study the feasi, 

bility of starting the pumps while throttling the flow in the intake 

lines. The n~in objective in this case was to eliminate the purchase 

of valves for the discharge lines. The information desired is bes~ 

stated in a memorand~n to the Chief Electrical and Mechanical F~Igineer 

by Mr. I. A. Winter, "Proposed laboratory" study o!' startin~ the Granby 



,l 

pumps while throttllng flow in ithe suotion rpipes -Oranby Pumping 

P l a n t -  C o l e r a d o - B i (  ~bc,~n~%le n p  I~'o J e e r ' " .  ~dated May 2.  'i~1944. I n v e s t i g a -  

t i o n  of the following points was requestedz 

(a) Surging in the dischargeline whenthe inflow:is 

less than the normal capacity of:the pump under heads roug- 

ing from the minimum to the maximum. 

(b) Observation of the ~endenoy of the pump to eavi- 

tote excessively during the starting cycle. 

(e) Observation of the behavior of the water entering 

the suction tube of the pumps at high velocities. 

The initial pump house valve la~vout is shown on figure I, HYD, II~. 

For the valve and the pipe layout used in this seeond series of 

studies, shown on figure 1 of this report, the discharge valve origi- 

nally used was eliminated and two intake ~ valves i d 

o f  o n e .  One v a l v e  was t o  be u s e d  f o r  t h r o  .~ """ _ . . . . . .  o 

provide for emergency closure. It was pro I start i a pump with 

erie intake valve closed and the disci~a~e line full 0f water. With the 

pump up to s~ed, the intake valve wou )ened at a oonstamt rate 

until full io-d w~s imposed on the pum. procedure was to be re- 

versed when stopping the pump. 

2. The test equipment. Arrangement of the test or 

these studies was essentially the same as for the init go, 

%ionw as is evident from a comparison of figures 6 and 7, HYD-II~, 

and figure ~ of this report. The same 8-inch vertical pump was used 

in both eases. In the former tests a tank reservoir was employed 

Supply water to the pump, while in the latter tests a booster pump was 

eom~eeted in series with the intake line, making prototype pressures 

possible. The model approximated a general scale of i17 (table i, HYD- 

i18) except for the discharge line. The confinin~ walls of the labora- 

tory restricted the height of the discharge pipe to one-third of its 

scaled value and the length to one, a fraction of the scaled distance 

2 
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FIGURE 2 



to be traversed by the prototype conduit. 

Instrumentation consisted o f  a voltmeter, an: ammeter, and a watt- 

meter corm.ected as shown in figure 13, HYD-II3, between a single phase 

and the ground. Three eleci ,,re cells 

(P.C. 4, P.C. 5, and P.C. 6] ;ure 2 of this 

report for recording pressure changes in the intake, the pump suction 

tube, and the discharge line. additio/~ to the above instruments, 

electric tachomet~.rs were provided to measure the speed 0f the motor 

and the rate of opening of the intake valve. Instantaneous records of 

the pressure cells, the motor speed, the valve position, and the elec- 

trlc current were r corded oy the laboratory oscillograph. An attempt 

was made to record the voltage, but, due to the fact that the oscillo- 

graph contained no shielded channels, the 60-cycle frequency was super- 

imposed on the record of every channel. After discovering that the 

voltage fluctuation amounted to no more than 5 percent, this measure- i~i! 

merit was not considered important. A record of the power vrequired by 

the motor was also desired, but a watt element was not avaiilable for 

the oscillograph. The primary interest in this:study concerned surges 

in power rather than actual values, and these are clearlyilmanifest in 

the current trace on the oscillograms. It shouid be kept in mind, how- 
t ~ 

ever, that the general shape of the power r~cord wouldiVa N considerably 

t ..... . Although the voltage remained relatively con- from ~he c ~rre..~ ~race 

st~nt, the power factor during these tests~varied from zero to 85 per- 

cent, as can be observed from figure 3. This curve shows the power 

factor plotted with respect to the rated capacity of the motor for the 

actual zs~ge over which it operated during these tests, no case 

did the motor on the test pump operate at greeter them half of its rated 

capaclty. 

The pressure cells were a type used for the first time in the lab- 

oratory, and they will therefore be described hers as a matter of rec- 

ord. A cell (figure 4) consisted of ~wo steel arms, one stationary and 

the other movable. The movable arm was rigidly cornlected to a diaphragm 
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which flexed as prsssur.e changes were applied to its ~ opposite Side. 

Two coils of wire, one aonsisting of four loops and the cther of five 

loops, were strung over porcelain insulators mounted!!~between the steel 

arms. The coils were strung to oppose one another in~ such manner that 

a movement of the diaphragm would,increase the tension~On one and :re- 

duce the tension on theother, Movement Of the "' " ........ 

site direction would reverse::the ~ strain, makin~ 

able for the measurement of intermittent, poslt: 

sures. Piano wire, 0.0025 inch in diameter, possessin~ a fairly high 

strain sensitivity, gave most satisfactory:results of a number of wires 

investigated. The dual coil served to equalize the variation:of resls- 

tahoe produced in the two wires by temperature changes. :Upon final 

assembly, to limit temperature change the Coils were encased in oil. 

The output of these cells was sufficient to make possible the elimins, 

tion of vacuum-tube amplifiers at the input to the oscillograph, 

~. Test procedure. Referrin ~was 

performed with the 2-inch bypass v ge valve 

open, the 8-inch intake valve closed, and both lines filled withiwater. 

The booster pump on the intake line w g a defi- 

nite prototype pressure o n  the upstre ~e. Then 

the te~t pump was started, after which the 8-inch intake valve was 

opened at a steady rate° With this valve fully open, the 2~inch bypass 

valve was closed, completing the starting cycle. The stopping oyele 

constituted the same procedure in reverse. 

It was desired to investigate this ?rocedure o±' operation, both 

with and without aeration. Air could be supplied to the suction tube 

of the pump through the 2-inch vent, show~ on figure 2. T hl s would 

correspond to approximately a 14-inch vent in the prototype. A pipe 

of the same size (figure 2) served as a bypass between the suction and 

the discharge lines of the p~np. The purpose of the bypass in these 

tests was to provide circulation for cooling while the intake valve 

was closed. 



Three variables were involvedlin this method of operation: If) 

the static pressure on the intake line, which varied from I0 to 120 

j (2)the rate of opentng'~and closing of the in, feet in the prototype ~ 

• t /~ take valves and (S) he area o f  the air vent. As stated previously, 

the discharge line was net to scale! however, ~the results shewedthis 

factor to be unimportant in this case. i Testing was performed/over 

the complete range of the three variables. In compiling the results 

it was found that two tests sufficedto show that throttling of the 

flow in the intake line was nota desirable method of operation. 

4. Startln~ and .stopping cycles wi:thiair vent ~open. The oscil- 

logram on figure ~ sho~ the conditions in the starting and the stop- 

ping cycle with the 2-1noh air vent (figure 2) open to the atmosphere. 

With the test pump at rest, the pressureon the intake line,(P.C~i4, 

figure 2) was 85 feet of ~rater, the suction-tube pressure (P.C. 5) ~s 

10'.5 feet, and the pressure on She discharge line (P.C. 6)~s 9.5 

feet. The starting of the test pump is indicated by the current trace 

on figure 5 and also by the motor tachometer which registered each 

revolution of the pump. The frequency- of the oscillograph galvanom" 
D 

stere ~as not sufficient, upon starting of the motor, to produce an 

accurate trace of the current from the standpoint of amplitude. 

Approximately one second after the test pump was started (figure 

5), a positive pressure surge amounting to Z2 feet of w~ter occurred 

in the discharge line, which was l~e~vlae reflected in the~ourrent 

trace, the latter registerin~ a surge of 36 to 2~ amperes. Al~0u~h 

negative in sign, a oorrespondlng pressure sur~e of~12 feet of water 

was recorded in the suction tube of the pump. The second surge, the 

peak of which occurred at a valve opening of about 14 percent, regis- 

tered a positive pressure of ~6 feet in both the suction tube and the 

discharge line. As the intake valve was opened at a uniform rate, 

repetition of the sur~ing occurred in the discharge line and the suc- 

tion tube of the pump until the intake valve reached approximately 40 

percent open. For valve openings of 40 to I00 percent the pressures 
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at the three cells became quite steady wlthi~i~ittle chang~ inma i . 
gn tu~e 

For this reason, the oscillographlc records have not been r~ 

stopping cycle. In this case the operating~procedure was~thelopposlte 

of the starting cycle. The pressure surges for this case were lnot as 

severe as for the starting cycle; however, distinct surges In the cur- 

rent occurred throughout both cycles, For the~valve partially open, 

surging was audible in the model as air ~i 

through the air vent pipe. In no case w 

steady. 

As a means of demonstrating that the rate 

of the intake valvo had little bearing on 
w 

a short oscillogr~m was made with the int ~alve held at a critical 

operating point. This is shown as the lowerreeor ~re 8, which 

indicates pressure surges in the dlscharge,~lineof 25 to 5.5 feet of 

water, with corresponding current surges of 40 to~25 amperes. Each 

surge was accompanied by an audible intakeof air th 

The condition shown on figure 8 persisted, with litt 

valve openlngs of 5 to ~O percent. - ........ 

With pressure-surge indicatlons such as these manifest i~in a model 

having a discharge line moch undersoaled, it is certa~n that p~ 

changes in the prototype would be more severe than those indicJ 

the model. As the pressure changes are accompanied by corresponding 

fluctuations in the power required by the motor, the above plan for 

startin~ and stopping the Granby pumps is not considered feasible. 

8. Startln: a~Id sto_nin: c cles without aeration. The oscillo- 

gram on fi~ure 7 is a record of the instantaneous pressures and the 

current obtained for operation similar ~o that aoove-described except 

that the valve in the air-supply vent was closed. With the pump at 

rest, the pressure in the intake line (P.C. 4) was 82 feet of water, 

the pressure in the discharge line (P.C. 6) was D.5 feet, and the 

ll 
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pressure in the suction tube of the pump (P.C. 5)i~vas i0 feet. ~ Upon 

starting of the motor, the pressurelin the suction tube dropped toga 

negative 22 feet of water, while the pressure in the discharge line !i~i 

fluctuated from 3 to 28 feet. A ¢ positive !surge was re- 

fleeted in the suction tube of th~ he intake valve lwas un, 

seated, aloud crackling noise occurred~which persisted, although de- 

creasing in intensity, until the val" ,n. The 

crackling noise was cavitation produ ,t~shoot- 

ing along the invert of the suction ,e open- 

ings, water was supplied to the test thus 

producing an initial negativelpressure in the suction tube 

tion, the high-velocity jet issuing from under th. A ~ended to 

skip over the invert of the suction tube because ~ interfer ~ 

ence and imperfections in the surface do~mst alized 

negative pressures. The additive effec~ of aused 

~he pressure along the suction-tube invert to be reduced to the vapor 

pressure of water, thus developin~ conditions conducive to oa~itatlon 

although P.C. 5, located on the side,of the suction tube, did not indi- 

cate pressures this low. As the intake valve continued to ope n , the 

static intake head dropped to 15 feet of positive pressure ate50 oercent 

valve opening, the pressure in,the oump suction tube reversed~to 

slightly positive, and the pressure in the discharge line increased 

approximately 7 feet over the original pressure in overcomin~ friction 

• caused by flow in the llne. iThe oscillogram reproduced onfigure 7 was 

cut at a valve opening of 50 percent, as pressure fluctuations beyond 

this point were insignificant. 
% 

The pressure record for the stopping ~cycle is shown in the l'ower 

portion of figure 7. As the valve opening reached lO percent, the 

pressure in the pump suction tube fell to a negative 28~feet, or the 

vapor pressure of water at this altitude, ne Ao,v pressure was accom- 

panied by a crackling noise which is indicative of the presence of 

cavitation. In addition ~o the crackling noise, the fluid passing 
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through the i~p~mp was a mixture of air and water, the air be;ing released 
&, 

from the water by vaporization. This air, as demonstrated :i 

ceding section, would be very undesirable in the prototype. 

complete closure of the intake valve, a series of surges occurred in 

both the disehsa'ge line and the suction tube of the_ pump, bu%~i littie 

fluet~tlon was evidenced in the current . . . . . . . . .  

the pump motor from the power source, wa~ 

discharge llne and the suction tube~ 

the prototype when one consider, thst 

Figure 7 is interesting in that the ourre 

cycles An spite of. the pressure oomditionse 

A short osoillogram was.made of the mc 

for this oondltion of operation, which appS 

ing of approximately 14 percent..Although 

was a negative 24 feet of water, the pressures ~ 

which demonstrates that in this case ,,the rate el 

the intake valve would not materiall%v aEfect the 

Nevertheless, this type of operation is not recommended for the Granby 

pumps. 

To remedy the above operating disadvantages, It . . . .  

the throttling be accomplished by a valve placed in 

as proposed originally. It is felt that these valve 

pay for themselves in reduced maintenance costs and fewer operational 

difficulties~ to say nothing of the advantages tolbe gained in the re- 
duction of power and pressure surges during ~he starting and the stop, 

ping eycles. } 

6. Thr@ttling with discharge valve. Since the oscillograms shown 

in HYD-II5 were made, the laboratory oscillographic equipment has been 

greatly improved. For this reason the test shown on figure 18 A and B 

of that report was repeated. In that test the pump was brought up to 

speed with auxiliary water Jets, whilo in the present tests the pump 

was started electrically, with the impeller rotating in air. Referring 
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to the photograph on figure ~2 and the oseillogram on :figure 8 of thi~'s!: 

report - with the 8-inch discharge valve closed, ss valve open, 

and the intake valve open, compressed air was for, the !suction 

record on figure 8 begins. 

through a small valve on the discharg 

submergence of the impeller, The tim 

on figure 8. Upon completion of the air~ramoval 

three pressure curves indicates the point at whl 

fully primed. The stopping cycle, shown in tf 

was the reverse of the starting cycle, and. ir 

The ~entrapped air :.then:was • expelled steadily 

adual 

ded 

i 

~he figure, 

pros sures 

for both cycles were similar. The stopping cy -. cl sing 

the discharge valve at a constant rate, ,T~^_ __._I_~ ~ 

pressed air was forced into the suctior the 

rotating impeller at a steady rate, Wh on 

the test pump was deenergized. Pressur ........... led 

to a large extent, ~n this case, by decreaslng the rate of opening and 

closing of the discharge valve ~and decreasin G the rate of intake and ex- 

pulsion of compressed alr to the pump chamber. Inthelcase of the model 

pump, the operation was carried out at a moderate speed~inlorder that 

the record would not be too long and cumbersome to reproduce. There is 

no lower limit to the speed of this process in the prototype._ 

In addition to stabilization of pressures, this methodof operation 

has the outstanding advantage of requiring less power vrhen atarting and 

stopping. Figure 8 shows that it required 20 amperes ~o turn the pump 

impeller in air against 30 amperes to do the same thing inwater (fig, 

ures 5 and 7). Starting the impeller in air should therefore reduce 

the initial power demand by perhaps one-third. Howeveri no conclusions 

can be drawn from the instantaneous current trace at the beginning of 

each test, as the frequency of the galvonometer elements was insufficient 

to record correctly the larger amplitudes. 
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7. The bypass valve. °~;/~ithough this s iseussed in HYD- 

ii~, it will be mentioned ~againfor emphasi ss is an essen- 

tial factor for smooth operation iln the starting and ~cles. 

During the starting cycle the bypass makes possible o 

eooling. During the stoppir~ cycle it serves as a drain for water 

trapped on the discharge side of the pump and as a regulator for con - 

trolling the rate of unwatering of the impeller, Without the bypass it 

is not possible to relieve entirely the ~ressure on the dis - 

charge .side of the pump, which, if not relieved, ct in surges 

and an increase in the power requirement to the motor previous to dis- 

engagement. 

Provision of an 8-inch pipe with gate valve should be conserva- 

tively adequate for the bypass in the prototype, The valve can be set 

to determine in the field 

compressed-air pressure an, 

the suction tube of the pump. 

8. Summary and conclusions. 

tling with the intake valve is funds 

low pressures are created unnecessar 

to be avoided wherever possible, for 

3sary 

, the 

ould~be admitted to 

suits to be either unsatisfa6tory or unpredictable, lication of 

venting to relieve the condition, unnecessarily created by low pres- 

sures, merely complicates the problem in thiscase, as a mlxture of air 

and water is an unstable fluid and pressures tltroughout such a fluld 

will be found as unstable as the fluid itself. In the case of the Granby 

pumps, where surges in pressure are directly affected by the power re- 

quirements of the motors, neither cavitation nor venting should be tol- 

erated, as both produce an unstable fluid. 

In conclusion, the following recomnendations are suggested in 
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in e~nmeetionwith the starting and the stoppi~of the @ranby pumpss~,.~ 

by uae of valves on the 

(b) The most satiefaetory method, to date,-~na~itutes 

a%arti~ am~ |toppling the pump impellerB :in.air-.amd thirst ...... 

fling the flew with diseharge valves, as diseussed-~im::'ee~- ,.~ 

tion S. 

(o) Xm|tallation of 

looked when a v~ive _is use pro- 

vides a means of eoelin~ ~ the 

period that' the ~and %he impeller is 

whleh the power 

(d) The eempressed-air port 

lo  c a r e d  midway ~in t h e  s u o t i  on-- t u b e  :o: 

exhauat port ~ouJal be. loea~ed on ~%h 

pump, preferably in a ~ll ~me ~on' 

best when 
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