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. Symbol Quantiiy Mktiic unit U.S. customary unit 

1; 
~imensionless coefficients i n  . ' 

pump startup equation 

Gravitational acceleration m/s2 ft/s2 

Head produced by pump rn ft  
. , 

Head ratio = H / h j  

. . 
' ' Rated head :.. - 

: m - - f t  

Motor torque N.m b f t  

N.m Ib.ft 

: N . m lbift 

Rotalional speed r/min r/min 

Rated speed r/min r/min 

Pump spec~ f~c  speed (r/min) (r/min) Ygal/min 
,a 75 lhl0.75 

Capacity (discharge) 

Rated capacity m3/s ft"s 

Capacity ratio = WQ, 

Time s S .  . 

Product of weight of revolving parts :' 

and the square of the radius of 
gyration kg.rn2 Ib.ft2 

, 'S 

Speed ratio = n/n, 

Motor torque ratio = MJM, 

Pump shaft torque ratio = M,/M, 

Angle for characte 
tan-' a/q degree degree 

. 
Angular veloc~ty rad/s , 

rad/s 
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INTRODUCTION 

southern Nevada Water Project-stage I is 
shown on figure 1. Stage II is currently under 
development. Pumping Plant I consists of I 0  
identical units which pump raw water from Lake 
Mead to the Alfred Merritt Smith Water 
Treatment Plant. Each unit is a vertical, two-stage 
pump with a specific speed n, of 63.2 (r/min) 
(m3/s)0.5/m-0.75, 13265 (r/min) (gal/minp.5/(ft)-Q.75]. 

From the water treatment plant clearwell 
(Forebay IA),  treated water flows by gravity to 
Pumping Plant 1A. It is then pumped into two 
pipelines, the Main Aqueduct and the Boulder 
City Latefal. Seven large identical units pump 
most of the flow through the Main Aqueduct 
toward Hender$on and Las Vegas. Nev. Three 
smaller pumps presently discharge into the 
Boxlder City Lateral. The specific speed of the 
large pumps is30.0(155O)andvhatofthesmaller' 
pumps is 14.5 (765). 

Pumping Plant 3 is located in Henderson, Nev. I t  
consists of fo:!r identical pumps with a specific 
speed of 27.2 (1 405). Pumping Plant 6, with four 
identical units, is locateb-in Las Vegas; Each 
pump has a specific spced of 28.9 (1490). 

AUTOMATION 

The Southern Nevada Water Project wi l l  be 
automated in the near future. The automation 
will consist of flow control valves at all rate- 
of-flow control stations regulated by mini- 

i computers at the valve locations, ultrasonic 
water level devices in  the surge tanks, pressure 
transducers i n  the forebay and regulating tanks, 
and controls on the pumps. InFmat ion  from 
each of these components will be transmitted to 
real-time cornouters located at a"master station 

units installed in the system.to date. The pumps 
were instrumented sb that speed n, torque M, 
and head H could be measured instantaneously. 
and the rime histories recorded on four-channel 
oscillograph paper. Rotational speed was mea- 
sured with a counter which recorded banded , ,. 

markings on the pump shaft. Strain gages 
mounted on the pump shaft registered torque. 
Pressure head was measured with pressme 
transducers located on each side of the pumH, 
except at Pumpiyg Plant 1 where the vertical 
shaft prevented access to the submerged intake 
line, therefore four sets of pump characteristics 
were developed. ',,Test setups are shown on 
figures 2 through 8.  

,, .'~', 
Tests were performed to produce time histories 
for pump startup and  poker failure at several .z. 
valve openings. For each test, the pump was 
brought up to rated speed against a closed disr 

l! 

charge valve. The valve'.was opens$ ioL?he de: 
sired position. Then p ~ b i e r  was cuioff and after ,. 

the resultant hydraulic transient had sub- 
sided  the valve was, closed slowly. In each 
pumping plant_all pumps were shutdown except 
for the unit being tested. Before each test, the 
forebay tank wafer surface elevation was 
recorded. This water surface did not change 
significantlv by the short interval ooeration of 
only one pump so it was assumed'to remain 
constant. Similarly, i t  was assumed the closest 
afterbay tank downstream from the test pump 
maintained initial water surface elevation. Figure 
9 shows a typical test setup. 

Test results recorded. by the oscillograph are 
shownonfigures 1Oand 11.Thetorqueandhead 
curves were difficult to read accurately duetothe 

"' 

fluctuations caused by cavitation. It was as- 
sumed that the fluctuations were of eaual 
magnitucle i n  the positive:;and negative di- 
rections, thus placing the actual curve at'the 

in  the water trkatment plant. Decisions wil l  have center of the wide band of fluctuation. The scale 
to be madeat the master station to control the of the graphs also limited the accuracy for which 
startup and shutdown of all pumps in the system they could be read. 
during normal and emergency operation. For all 
pumps in the system, it then becomes a matter The graphical data on figures 10 to 11 are from a 
of extreme importance that the actual pump test with a 100-percent valve opening. The 
characteristics are known. This study was under- partial valve opening results were consistent 
taken to satisfy that need by developing the with that for the ful l  opening - varying in  
actual pump characteristics. magnitude -but not i n  thegeneral patternof the 

FIELD TESTS 
transients. The 100-percent opening test results ., 

were used to develop the pump characteristics 
because the oscillograph curves registeredatthe 

Five separate pumps were instrumented, one' larger valve openings could be read with greater 
representative for each of the five specific speed . accuracy,:, ,+ 

,>) 

i 
I 
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As mentioned previously, the head upstream of 
the pumps in Pumping Plant 1 could notvbe 
measured. This prevented determining the 
differential head across the pumps that is needed 
to derive their characteristics. Since Pumping 
Plant 1 units discharge only a short distance into 
a forebay tank at the watertreatment plant, these 
characteristics were not as important as units in 
the other pumping plants. 
. . 

DEVELOPMENTOF 
CHARACTERISTICS 

To devdopthe characteristics for a given pump 
four variables are needed as functions.of time. 
They are the pump rotational speed n, the pump 
shaft torque M, differential pressure head across 
the pump H, and the pump flow Q. Given a 
complete record of all four variables, the pump 
characteristics can be calculated directly. In this 
case, however, there was no available means to 
measure the rapid f low variation in  the pump. 
Whereas the other three variables could be 
determined, a complete record of the closed 
pipeline flow could not be obtained during the 
transients being studied. It was decided for this 
reason to model the field tests on a computer 
using program TAHS, that would yield 0 as a 
function of time. 

Program TAHS simulates various operating 
criteria for any system described to it by the user. 
In this study, each pump under consideration 
was modeled in -3  small system which had the 
forebay tank f o r - h a t  pumping plant as the 
upstream boundary, and the first afterbay tank 
downstream from the pump as the terminating 
downstream boundary. To attain agreement and 
verification with field test results, computer runs 
were made simulating field operations. 

Given a set of characteristics for a pump. 
program TAHS uses fhat data as the base for 
calculating any pump operation. Characteristics 
are stored in the program for different pump 
specific speeds. When exact characteristics for a 
pump are not known, the user mav select one of 
the sets stored in TAHS that wi l l  be approximate- 
ly the correct characteristics. Priorto thisstudy, it 
was customary to assume that the best 
approximation was the set of characteristics 
associated with the specific speed closest to that 
of the pump being considered. 

different properties from the test pump, which 
yielded approximate values for the flow-time 
history. Correlating this flow data with speed. 
torque. and pressure head measured in  the field. 
a new set of characteristics was developed to be 
used for a second computer iterative run. The 
values of predicted flow became increasingly 
accurate with each set of revised characteristics, 
and in  turn lead to a more refined set of char- 
acteristics for the test pump. The iterations con- 
verge on the correct characteristics. 

For this process to be accurate<: correct WR2 
values must he used. The WR2 K.BS verified,by 

, 'comparing the drop i n  pump speed (following 
power failure) in the TAHS run with the speed 
recorded in  field t e i k  The WR2 input:value to 
TAHS was yaried until the speed versus time 
curve from the computer output matchec: t h e  
field testdata. Because pumpcharacteristicsalso 
affect the speed-time curve, the WR2value hadto 
be continually readjusted when thexharacter- 
istics were changed. 

For all test pumps, the motor torque ratio 0 ,,,and 
pump speed ratloarelationship was developed. 
All units approximate a quadrat~c sfartup equa- 
tion of the form: 

!! 

Coefficients A, 6, and C were determined (for 
each pump) by comparing the TAHS pump ,: ,: 

startup speed with the fieldtest data. Initially, the:, 
coefficients'were estimated using the pumpshaft 
torque M, and rotational speed n a s  measured in  
the field. If the motor torque M;,could be mea- 
sured. a direct solution would have been pos- 
sible. Since a direct solution was not possible, 
several computer iterations were made to zeroin 
on the~correct startup equation. 

RESULTS 

As the characteristics were developed for each 
pump, the WR2values-were revisedfrom the "as 
built" values used iniiially. The following is a 
table of "as built" values provided by the pump 
contractor and actual computer iterated values. 
Significant inertia variation is noted between the 
WR2 columns. 

When the actual WR2 vallies were used in the 

For each test pump the first computer run used 
known characteristics for a pump with slightly 



11% Unit speed, WR2 WRZ 
plant No. r / m n  kg.& ib.ft2 kgm.  Ib.ft2 

1 A  6-large 1200 527 12 500 536 1 2  800 
1 A  8-small 1800 73.7 1 750 56.9 1 350 
3 l:., 1800 10.5 250 23:6 560 
6 1 900 160 3 800 177 4 200 

as calculated by TAHS compared with the DISCUSSION 
measured field test data. The similarity between 
the ~ I N O  curves is markedly better f ~ r  all pumps /: An observation made in developing the pump 
than it was when usingthe"asbuilt" WR2values;! characteristics was the close interrelatiop, 
i n  the computer rnodel.'. :'I r' betweenthe WR2 value and the characteristics 

-- 
! I -  for each,oump, In the process of computing a sef ,-... ., < 

: .. 
Since the-power f'aiiure'iield test results were '- of charsc:eG.$tics, sucGessive iierations would :. 

used to develop the characteristics, only a partial not conveig2-on the proper values i f  the WR2 
range of the characteristics could be calculated. used in TAHS were not the actual value, for the 
Tne range of values is within the zone test pump. Similarly -following a powerfai!ure- 'r 
45' 5 0 s 225O. where tan 0 = a/q. This zone the rate at which the pump rotational speed 

! covers pump operations of most concern. The decreased was dependent u p ~ n  the character- 
characteristics developed for each of the four istics input (TAHS) for that pump, and this rate 

I pumps are shown on figure 16. These char- was used to calculate the actual WR2 value.The 
I acteristics developed for the Southern Nevada WR2 value could be estimated before developing 

purnzs can be compared to eight additional sets ?he actual pump characteristics from speed 
! shzwn on figures 17 and 18. Until recently the reduction in the firstfewsecondsafterthepower 

three characteristics on figure 17, for specific was cutoff, since this initial speed reduction was 
i s p e e d s  24.6, 147, and 261 (1270, 7600, and least affected by the characteristics. But if this 

1 3  500), were the only complete sets of pump initial WR2 estimate was too far off, it would lead 
characteristics available. The five remaining to divergence in the attempt to coneerge on the 
sets were acquired recently to broaden the characteristiccurve.Therefore,the WRZvaluefor 
range of specific speed for which there are each pump had to be monitored closely to assure ;, 
known characteristics. Twelve sets of charac- that successive iterations of the characteristics 
teristics are currently stored in TAHS (figs. would converge correctly.' .. 
16-18). On figures 16-18 it should be noted that ,> 

the four 90'-quadrants are approximate zones. As noted previously (see RESULTS - table) the 
The divisions between thesg zones of operation actual WR2 values differed from the values 
varies from one pump to ti ie next and wil l  not provided by the contractors. The unit tested at 
necessarily occur at defined 90° intervals of 0. Pumping Plant 3 evidenced an extreme dif- 

ferential from the "as built"value claimed by the 7 
The four test pump startup relationships resulted contractor: The actual value is more than twice .. . , 
as follows: ~ the "as built" value, which ,is conservative for 

providing greater surge protection: Unit 8, at 
Pumping plant Pump startup equations Pumping Plant 1A, was the only test pump for 

. . ... which the actual WR2 was less than the required 
1 A - large unit om= -0.760' + 2 . 0 ~  ' OXO WR2 in the specifications. Whereas1he"asbuilt': 
1 A - small unit Dm= -1 .ma2 + 2.0a + l.10 values provided by the pumpcontractorssatisfied 
3 _ om= -3 .100~ + 4 . h  + O.BO the. specifications requirements, i t  appears that 
6 1 Dm = -4.00a2 + 4.0a + 0 A 4  the contractors' values were not always accurate. 

The equations were stored in TAHS and The most significant co&lusion which can be 
then US& to model startup situations for the drawn from this study concerns the relationship 
four pu'mps. Figures 19-22 compare the pre- between the pump specific speed and the 
dicted startup rate with that measured in  the characteristics. The four sets of characteristics 
field. thzt were developed for the Southern Nevada 
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while keeping all other test parametersconstant. 
The results of the problem are shown on figure 
23. The figure compares the maximum and 
minimum pressure heads developed at the 
discharge side of the pump for each set of 
characteristics programmed. It should be noted 
that the static head at that location in  the system 
was 76 meters (250 ft), so the tests in the mixed- 
and axial-flow regimes resulted inzero head rise. 
For specific speeds i n  the radial-flow regime 
there was no apparent'relation between the 
pump specific speed and the pressures devel- 
oped in this test. 

The Southern Nevada svstem oumos are not the 

system pumps showedmuch less of a determin- 
ate pattern than had been expected. Many have 
assumed that pump characteristics vary pro- 
portionate to specific speed; however, it is 
indicative that this assumption is incorrect. The 
characteristic curves on figures 16-1 8 show very 
little pattern related to their corresponding 
specific.-peed. 

, _,_ 

some generalizations can be made about pump 
performance based on specific speed. Pump 
shutoff head, which occurs at O =  90 degrees on 
the head characteristic curves, generally in- 
creases in  magnitude" as the specific speed 
increases. There are onlv a few minorexceotions . . 
to thisamong the pump&hder study. ~ h e i e  also first which have exhibited discrepancies in the 
appears to be some pattern relatedto the typelot relationship of characteristics to specific speed. , :: 

Southern Nevada system pumps, they were the pump-turbines operating in the pump mode. 
included with eight other sets,of characteristics It is apparent that impeller design can. have a 
stored in TAHS. A computerize,d problem (TAHS) significant effect on pump performance-in- 
was developed similar to the 'southern Nevada dependent of specific speed. The authors believe 

using a different set of pump characteristics characteristic values. 





Figure 2. - Forebay tank at Pumping Plant 3. Photo C801-0-78992 

Figure 3. - Pump, motor. and valves at Pumping Plant 3. Photo C801-D-78993 
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Figure 6.  - Speed and torque measurement apparatus for the vertical unit at Pumping Plant 1 

Photo C801-0.78997 

ilgure 7. - Pressure transducers attached to each side of the pump far dtfferential pressure 
head measurement. Photo ~801-D-78996 
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Figure 8 .  - Four channel oscillograph in operation. Photo C801-D-78998 

FOUR - C H A N N E L  
O S C I L L O G R A P H  Constant 

W.S. Elev. 

3 D O W N S T R E A M  
F O R E B A Y  T A N K  

T A N K  
Pressure Transducers 

Figure 3. -Typical test setup. 
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Figure 16. - Southern Nevada pump characteristics. Head., 
characteristic value = h/( 0 2 + + I .  torque characteristic '. 
value = P /I a' + q z ] .  ,, ., .., 











1 5gM, let K,  = - 
x WRZn, 

a2 -a ,  
. O m , +  8m.--= Bp, + P p 2 +  ;,." 

. this is 
the motor torque as a function of pump shaft 
torque and speed for obtaining the pump start- 
up equations. 

The subscripts 1 and 2 refer to tunes r, and t2;  
i.e, t , - t ,  = A t .  

Given: ~ 3 ~ 1 .  OD,,  a,, a2, K1.  At, and Dm,, 
a value can be calculated for 0m2. 

At the time zero, Dm, must be estimated. 

Parameters 

g = Gravitational acceleration 
I = Mass moment of inertia 
Mm = Mo!I,r torque 

..% Mp = Pumi, shaft torque - - M, = Rated torque 
n = Rotational speed 
n, = Rated speed j; 

t = Time 
WR2 = Product of weight of revolving pans 

-. --. :; and the square of the radius of gyration .- 
a = Speed ratio 
fi . = Torque ratio . . 

=3 .14159  . . .  
w =Angular velocity ! :  

. 
'. 
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