
* UNITED STATao . 
* DEPARTMENT OF;THE INTERIOR i, 
"~ BUREAU OF RECLA~/~;TION ~~ .. 

HYD,NAULIC ;ZODEL STUDIES OF TB~ * 

GRAND C~'  ~F -U~PI~G PLANT INTAKE , 

* 

HYD~ULIC 7,~.C!~INERY IABORATORY , 
KEPORT, NO. H/~I- 3 ,, 



Bureau of Reclamation 

Hydraulic Machinery Laboratory 

Denver. Colorado 
August 21, 1939 

Subject: 

Laboratory Report I~o. t ~ - 3  
Grand Coulee Pumping Plant 
Columbia Basin Project 
Compiled by: F. Tessitor 
Checked by: .D.J. Hebert 
Submitted by: G. J. Hornsb~,. 

Hydraulic model studies of the Grand Coulee P~mping-plant 
intake 

i. Introduction . The normal reservoir elevation at Grand 
Coulee Dam is 1288.0 and the minimum elevation is 1208.0, making a 
maximum draw-down of 80 feet. The maximum receiving canal elevation 
is 1585.0. Thus, the maximum head on the p~mping plant will be 377 
feet. The normal lift, hmvever, will bc from elevation 1288 to ele- 
vation 1585, or 297 fee~. The pumps will be rated at 295 feet head 
v~ith a delivery of 1,600 c.f.s, per p~np. There will be t~clvc pumps 
in the plant, each constituting a separate unit with its own inlet 
and outlet conduits 14 foot and 12 feet in diameter, respectively. 

The tests described in this report have to do only with 
the inlet condu~t from the reservoir to the pump inlet flange. This 
includes the trashracks, the entrance through the gates, the conduit, 
and the elbow under the pump. ~nilo ~t is understood that the head 
losses in the various components of the inlet structure arc import- 
ant, it is believed that the voloc%ty and the pressure distribution 
at the inlet flange of the pump are also important to the efficient 
performance of the unit as a whole. For this reason considerable 
attention was given to this point in the tests. 

2. Summary. Hydraulic model studies on a scale of I~:17.3 
were made of three types of elbows and t~vo types of entrances in con- 
nection with the design of the intakes for Grand Coulee pumping plant. 

It was found that from the standpoint of onerg~v loss there 
is very l~ ttle difference, /'or most practical purposes, amon~ the 
throe elbow~ and bot~zcon the two cntranccs. 

The total loss in the intake obtained by extrapolating 
model values to the, prototype Reynolds. number is estimated to bc 
O. 20 V 2 

2g - where V is the mean velocity in the 14-foot diameter pipe. 

This total loss is ~:~do up approximately ~'~s follows: O,lO V 2 in 

the entrance, 0.0.4 V 2 g ----- in the strai~h~ pipe, and __~O.06 V 2 2 
~g "2g , thq 

elb~v with its attached reducer. 



From the stmldpoint of velocity distribution in the cou- 
duit, the circular entrance w~s slightly superior ~o the rectangular 
one. From the standpoint of distribution at the inlet flange of the 
pump, the vaned elbow was definitely superior to the two converging 
elbows. 

3, Purpose of model studies. These studies were under- 
taken for the purpose of investigating the behavior of ~rious elbows 
in the pumping plant intake line as proposed. By intake is meant the 
entire conduit from the forebay to d~e p~mpsuction eye, including 
trashrack structure, entrance, straight conduit, and elbow. H~¢ov~r, 
as the work progressed it was thought desirable to include studies of 
other types of entrances for comparative purposes. 

Information was desiredas to the hydraulic losses to be 
encountered with the several different installations, as well as the 
velocity distribution at several points in the intake system, par- 
ticularly at the inlet flange of the pump. 

~. Set-up and test procedure. In the test set-up, water 
is drawn from a forebay through the model of the intake by moans of 
a vertical, single-suction, centrifugal primp. The pump discharges 
back into the forobay b~hind suitable baf'flcs through a 6-inch dia- 
meter pipe fitted with am. end cap orifice which is used to measure 
the discharge. For the different runs, the amount of flm~ was doter- 
mined by adjusting the valve so tl~,t the height of a mercury column 
attached to the discharge orifice, was sot to a definite point. This 
setting of the mercury column was donu visually, and, with reasonable 
care, could be sot so that different runs at the so_me flmv might vary 
~0.025 inch in setting. The p~mp is not to b~o considered part of the 
model stu~ios. A general vic~ of the set-up is s~nc~vn on plato A. 

Upon consideration of the various factors involved, a model 
scale of 1 to 17.3 was chosen. The intake opening was made of wood 
and installed in such fashion that changes could b6 made easily. The 
rest of the intake from thG entrance to the D~p was made of pyralin 
to permit visual observation. Provision wc, smade at suitable sec- 
tions in this part of the intake for making the necessary physical 
measurements. " , 

Th6 test procedure consisted of measuring hydraulic losses 
and making velocity traverses. The loss~s were measured in the con- 
vontional manner, by installing piozouotor rincs and connectin T these 
to open manometers. The velocity traverses wore first obta~nce through 
the use cf a sphorice, l pitot tube kno'.'m as the "Staukugcl," This tube 
has five openings on the portion of the sohcre facin~ the stromn flow. 
The five openings arc so placed that thtir ruadings permit computa- 
tion of the velocity vector beth as to. direction ~md ma~9~itudc. H~,;- 



ever, upon investigation and ~m attempted calibrat,~.on o:f' this in- 
strument, it was found to have objectionable characteristics for the 
use to which it was put. It was thereforo decided ~o use a cylin- 
drical pitot tube which calibration showed to bc f'rco from the un- 
desirable characteristics of the pitot spherc. This tube was built 
on the basis of the studies made by Fochhcimcr. It has onl}, throe 
openings lyi~ug in a planc perpendicular to the axis of the cylind..~r. 
Thosc three openings allow a determination of the direction and mag- 
nitude of the velocity in that plane only. Hmvcv<r, it is possiblu, 
by t/~o proper location of any number of traverses, to ~ot the actual 
direction and magnitude of the vclocity vector at any point. It ~;~.~ 
observed that the flow at the sections ,~hos~n did not deviate f~'om a 
diA-~ction P~rpendicular to the plane of the section sufficiently to 
warrant the taking of more than the two traverses ~n any given so, o- 
rion. This gave only the center point (',~'hcrc the t~vo traverses in- 
tersect) as the place where the direction of' the velocity could be 
determined in throe dimensions. 

In lieu o£ actual measure:moots of direction (except iu 
one plo~Ic) visual obs~;rvations wcrc relied upon to study any'abnormal 
conditions of flow within the conduit ~md clbm'~,s. The use of air ~z~d 
dye in th~ fluid flov:in£ thr~,u~h th~ model sh~od up the objection- 
able nharactcristi=s and the ~lesirabl~. feature of the v~rious set-ups 
tested. Thcsu observations have bc~n relied upon to temper the w,.- 
rious deductions drava~ from the data. 

5. Entrances tested. T~,,ro t Z p o s  .of entrances were s~udied. 
One, which will hereafter be called the rectangular entrance, is the 
original design. This entrance is rectangular at the face of the dam 
and has a transition section to the circular portion of the intake 
conduit° The intake up to the elbow is on a slope of l0 degrees. 
The second entrance studied was a cir~ular bellmouth entrance dosi:~ned 
according to information obtained previously in the laboratory. This 
entrance is horizontal for a short distsa~ce and there turns by means 
of a lO-dogree bond to meet the normal slope of thG intake pine. 
Other comparative features of those entrances may be obtained-from 
the sketch on figures 1 and 2, The lO-dogree slopc of the conduit re- 
quires that the elbow turn the water lO0 doGro~=s instead of 90 degrees. 
This should be borne in mind when studying the results presented hero- 

6. Elbows tested. ~irec types of ~Ibows were t~stod. 
The first one, submitted by the dcsi=~:n section, had a circular on- 
trance which ch~isod progrossivcl~r to an ~'vlllptlcal" " ~ectlon~ " " at ~h~: 
outflow end, the minor axis, which lius in t: ..... nc plan,, of th~ bond. 
becoming shorter and the major axis remaining constant. ~hc sectional 
arca and the. radius of curvature change in such a msmner that the 
product of the vclocit}~ times the radius rumains cons hant. A transi- 
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tion section, changing from the clliptical to a circular section, 
was necessary between the elbow outflow ~nd the pump inlet flange. 
This elbow will hereafter be referred to as the elliptical elbow. 

The second elbow tested was a miter bend with a section 
containing vanes inserted at the intersection of the two segments. 
A rather sharp convergence was required between the elbow and the 
pump inlet flange to reduce the full intake diameter to that re- 
quired at the pump. This elbow, which was designed in the labora . . . .  " 
tory, will hereafter be referred to as the vane elbow. 

The third type ~osted was a constant radius elbow with 
a gradual convergence from the intake pipe up to the pump inlet 
flange. This elbow, which was submitted by ~o design section and 
modified slightly in the laboratory, will bc referred to hereafter 
as the convorNing elbow. Photographs of th~ various elbows are 
shown on plate B. 

An explanation of the choice of' measurement sections 
would be appropriate hero, The sections were located in such a 
manner that the hydraulic effects ~i' the various parts of the intake 
could be observed. Section "D" was located immediately dowmstream 
from the entrance and Section "C" immediately upstream from the be- 
ginning of the elbow. These two sections are common to all tests. 
The location of section "B" varied acr.ording to the clb~, being 
tested, but, in ~eneral terms, it was located at the outflow cnd of 
the elbow proper. Section "A" was located as close to the pump im- 
peller eye as physical limitations permitted. 

During the progress of the test it was decided, on the 
basis of the promising results obtained from the v~ne elbow, to stud~r 
the possibilities of decreasing the size of the whole pump int~.kc. 
As this could be done very easily by use of the vane type of elb~v, a 
6-1/~-inch diameter intake was built ef p yralin with a corresponding 
wooden bellmouth entrance. The s~ue series of tests was conducted 
on this set-up as for the others. 

An interesting, deviation from the m:~in program of tests 
consisted in investigating the effect on entrance loss of the various 
components of the trasl~aok structurco Piezomoter readings were 
taken at section "D" for various discharges, w1~n . . . .  the complete ~u- 
stallation in place. The next stop consisted in removing portions 
of the trashrack and measuring the losses through the sa~ range of 
flow. Next, tho trashrack piers and bars wore removed and the losses 
measured. This was carried through sys$em~tically until the rectan- 
gular entr~uce was clc~i v:ith the i;ace of' the dam, as sh~ in plate 
C. These results arc. given in table 1. 



Attention is c~llcd to the fact that all results given 
are for a condition of minimt~a reservoir elevation. This was used 
as the worsz p~ssible operating condition likely to occur. A check 
was made to sec if the test results wore i.n/'luenced by suction head, 
but it was fc~d not to have any measurable effect on the model re- 
sults through a variation of about 18 inches (26 ~'cet prototype). 
All subsequent teszs were made with the minimum reservoir elevation. 

7. Results. Since lit was decided bcforo completion of 
the model tests" that the size of the i - 

ntaLe conduit in the prototype 
would be 14 feet in diameter, the tcsts for the various elbows ~ud 
entrances are compared on the basis of a converganee from l~ feet to 
9.5 feet at the pump inlet flange. 

A comparison of the velocity distributions for both t]rpes 
of ontrcmoes is shovm in figure Z in the climcnsionluss plot. It is 
apparcnt that thc velocity distribution is more nearly s~m~metri~al 
in the bollmouth entrance than in the rectangular one. It must be 
remembered that by bellmou~h entrance is meant the bcllmouth pro, per 
plus the 10-degree bend. because the measuring section is just dow~- 
stream from the bend. The difference bct~veon the distribution of 
flow in the ~,vo enzrances is quite small cad even this small differ- 
ence practically disappears before the elbow: is reached. 

In order better to predict the velocity distribution in 
the prototype, the model discharge was doubled. The distribution 
of velucity re~,lainod the same at the section tested (see dimousion- 
loss pl~t, sec. D, figure 3). Fur this increased discharge the 
velocity in the model was five fcct per soc<-nd. The velocity in the 
prototype v;ill be i0 foot per scc~nd. Since the scal~ ra~io is 17.~, 
the Reynolds' n~mbur in the prot~,type will be about 35 times that in 
the model. Therefore, the effects of" fr~ctlon" " will" be relatively 
smaller in thu orototypc, ~rith the result that the prototype will 
tend t~¢~rd a more ~uiform distribution provided the distribution is 
sy~_~etrical in the model. If, however, t.hc distribution is n:'t s~n- 
1,~etrical, as in the case of' the rectangul~r entrance, conditions are 
likely to bc aggravated at higher Reynolds, n~mbcrs. The measure- 
meats wore tail.on ~:ithout the trashracIc structure. It is believed 
that the trashracks and piers will boa st~bilizing influence with- 
out affecting the fl~," pattern. 

The losses in the b~o ts~es of entr~unces are shown in 
table 2. The relative merits of the different set-ups tos~od may 
best be determined by keeping Mu mind the experimental error in- 
herent in the individual values given. In obtaining the losses at 
the various sections, water manometers were used to road the pros- 
sures. These mano~ueters were read ;':ith an accuracy of ~h0.001 foot. 
~c loss in head from the hoad~m, ter to a=ay section is obtalr~ed b,~ 
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subtracting the vel~city head at that section from the difference 
in pressure as de~ormined from the water manometer readings. Due 
to the possible variation in settinE the flow, the velociUty head 
may vary ~0.001 foot and the pressure readings from each manometer 
may also vary ah0.001 foot. The determination of loss would have 
an accuracy of ~0.003 foot (since two separate manometer readings 
are used in the determination). Expressed in percent of velocity 
head, the maximum ~riation would be of the order of magnitude of 
+2.5 percent at the lowest model discharge. In general, the loss 
in the bellmouth entrance is l~er than in the rectangular one 
when the gates are not in place. A comparison between the t~vo en- 
trances, with their respective gates in place, is given in table 1. 
In this case the bellmouth entrance is superior by from two to five 
percent of the velocity head. The loss, expressed in terms of ve- 
locity head, will be less in the prototype than in the model so that 
the values obtained in the model are on the safe side. 

The less in the trashrack structure was just barely per- 
ccptible in the model, being of the order of 0°005 foot at a veloc- 
ity of 5 fect per second in the conduit. Since the velocity in the 
prototype is l0 feet oct second, the" loss will be of the order of 
0.005 foot at a velocity of 5 feet per second in the conduit. Since 
the velocity ~m the prototype is l0 feet per second, the los~ will 
be of the order of 0.03 foot, which is negligible. By far the most 
significant factor ~I the entrance losses was shc~m by the effect 
of the gate slots. A comparison of columns 4 and 5 in table 1 show~ 
the effect of filling in the gate slots. As those tests were made 
with the rectangular entrance, the losses, el• cour~e,~ are applicable 
to that entr~a~ce only. 

The values of ,~, "~ in the formula for loss ~-n the entrance, 
IC~ 2 

h =.--, imay safely be taken as 0.10 for the bcllmouth and 0.12 2g 

for the rectangular entrance. 

8. Elbmvs. A comparison of the three olbo~,,s, using the 
bellmouth entrance, is sh~n~ in flgure'" ~=. As pointed out previously, 
it was found that the type of entrance had avcry minor effect on 
the fl~ in the elbows. Therefore a comparison on the basis of 
either entrance is valid. 

From the sta~idpeint of velocity distribution in the cross 
section ~m~ediately pr~cedin~ the pump, the elbows in the order of 
their perform~alce are vane elbo:,~, convcrgiug elbow, told elliptical 
elbow. The c,mvorging e~ud the clliptic:~l elbows sh~., o their influ- 
ence on velocity distribution in accordance with previous experimen- 
tal work. There is rm~ increase of v~locity ~lon~: the ironer radius 
m~til the exit section is reached (section B). At this point there 



is separation with correspondingly lower velocity. The dimension- 
less plot of distribution on figure 4 brin~s out the severity of 
the separation in the elliptical elbow compared with the converg- 
ing elbow. This tendency in the elliptical elb~,~ is no doubt ac- 
centuated by thepropo~tions of 'the transition section;required. 

The vane elbow exhibits very d~ifferent characteristics, 
and, since this type of elbow is just be~'inlling to claim attention. 
some additional discussion is in order. This t~rpe of elbow has been 
used for some time in the aerodynamics laboratories for the purpose 
of' turning air with a' minim~u distortion of velocity distribution. 
Note recently it has been found by other investigators that by a 
careful and suitable design of the vanes this type of elbow can be 
made to give losses comparable te the best elbows of the conventional 
t~pc. The design of the vanes ~ the elba,, ~ rtested in the laboratory 
roll.red the suggestions proposed by l(rober in technical memorandum 
No. 722 of the ?~.A.C.A. Nine thin vanes were installed with a shape 
approximating these proposed by Krobcr. ~ore experimentation could 
be done in determinin G the most efficient type of vane, but ~it was 
felt that in this study it was not justified rbecausc of the rela- 
tively low velocities and correspondingly low losses. 

~o losses, as measured by means of piczomotcr rings, are 
shovaq in table 2. Those are total losses from forebay to the meas- 
urino~ section indicated. The elliptical elbow shows ~m appreciably 
higlqer loss than the other ~vo elbows. ~e vane and converging el- 
b~,;s sh~,; practically the same loss. The losses m.casured in this 
m~uuor are dooendent upon the velocity distribution and the ,curva- 
ture of the stro~ lines. Therefore, l~ ~,,ns decid<'d to evaluate 
the losses by intcgra~in~ the pitot-tubo measurements of total pros- 
sure. At any point the differonc~ bet~cn the potential of the fore- 
bay and the total pressure is the loss in ener&v to this point. 
l~ese energy losses arc presented in figure 5. To get the avcra~<c 
loss per pound of fluid, those losses are multiplied by the velocity, 
integrated over the cross section and then divided by the dischargc. 
The losses obtained in this way differ materially from the losses 
obtained in thc usual marn~r. The total loss ocr po~d to section 
"A" for Q = 1~300 c.f.s, arc as follo~,s: V~n~, 0.0,55 ~foot; ollio- 
tical, 0.01~6 ~oot; 0 converging, 0.039 foot. Considering the fact~tb~t 
the ?rebablc crrol ~ may bc four or five percent, the throe elbows show 
very clos~ ag~eccn~cnt. 

In compari~_~g those losses with the losses derived from 
the piezomcter measurements, several differences may be noted. The 
loss in the elliptic~xl elbow b~s been mat,'.ric.lly reduced. This re- 
duction c.'.uq be explained by referring t~ the velocity distribution. 
The distribution is distorted to such an extent that the piszome~tric 
pressure mcasurod at the pipe wall will vary around the circumfor- 
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once. The average pressure is then more a function of the piezomGtor 
loc~tions than of' th~ actual mean oressure in the cross section. In 
the case of the converging elbow,, the distribution is better; there- 
fore the closer agreement obtained is to be expected. For~ the vane 
elbm,; the agreement should be very close, since the distribution of 
velocity is quite uniform both in magnitude and direction. There is 
a discrepancy in this case, and it is felt that more weight can be 
placed on the loss from the~ piezometer readings. Therefore the true 
loss in the vane olbsw~set-up will be in the neighborhood of O~042 
foot when the value in table 2 is ~corrected fromQ = 1.426 c.f.s, to 
Q = 1.300 c.f.s. This'adjustmcnt~brings the three elb~,~s into oven 
bettor agreement. 

In summary, it can be stated t|~t on the basis ~of energy 
loss, as determined by these tests, there is very little difference 
among the three elbavs. 

The change in the percentage loss with increasing dis- 
charge is shown in table 2. The percentage loss in ~thc protot}~e 
will be somewhat loss than in the model because of the higher 
Reynolds, number. On the other hand, if the relative roughn0ss is 
greater in the prototype, the percentage loss will tend to be hi.~:her. 
The range of discharges in the model was not sufficiently ~,,ride to 
serve as a basis for extrapolation. A reasonable value Tot desi~n 
purposes would bc a ~ loss coefficient of 0.20. The head loss from 
the forebay to the pump inlet would then bc 0.20 V2 ~where V = 

2g 
velocity in the 14-foot diameter pipe. The magnitude of the loss 
would be 0.20 x 1.6= 0.32 foot. This loss ~nounts to only O.1 per- 
cent of the total p~mping head and can be considered negllglole. 

9. 6-1/2ainch diameter intake model. Since the results 
obtained with the vane elb~v sh~,:ed considerabl~ promise, it was de- 
cided to construct an intake which had a constant diameter equal to 
that of the pump inlet. Because the vane elbow required only slightly 
more depth than the conduit diameter, it was possible to make the in- 
take horizontal. The bellmouth was formed to approximately the same 
shape as the larger bollmouth entrance. The desizn of the elbow was 
changed so that there wore only seven vanes as contrasted with nine 

"4- r " " " ~ " vanes in the larger elbow. ~e velocl~.~ dlstrloutlon, at the various 
sections are shown on figure 6. The distribution is not as good as 
in the larger vane elbow: There is a broal-ing awa of the f'low at 
the inside of the miter. One reason for this is the smaller number 
of w~ues and the corresponding larger passages. The drag induced by 
the vanes shows up very clearly in those tests; hc~le~zer, the varia- 
tions in velocitycaused by this dra5 are only of tho order of four 
percent. The velocity distribution is not as satisfactory as that 
obtained in the larger vane elbow, a~zd it serves to bring out the need 
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for more experimental study before a basis for design can be estab- 
lished. 

The head loss from forebay to pump is hi~her than in the 
larger installation• due to higher velocities. The ~loss in the nro- 
totype, estimated by lmvering the model values to take account of 

the higher Reynolds' number, is 0"30 V2 , where V = velocity in the 
2g 

9.5-foot diameter pipe. The magnitude of ~is loss would be 0.30 x 
7.94 = 2.4 feet• ~ich is 0.75 percent of the total head. 

I0. Conc~lusions. Before drawing any definite conclusions, 
it is well to review f lr~ the particular factors involved in the 
problem and, second, those which are pecul~iar to the model set-up. 

First, the elbows which turn the water through 100 degrees end 
a short distanno from the e~m of the p~mp £mpeller, The choice of 
diameters for the pump intake and the conduit makes it necessary to 
have a fairly sharp convergence be~:ecn the elbow andthepump inlet 
flange. 

Second, the pump used in the model s%tldy is not an homologous 
model pump and does not simulate the protot~pe. Therefore any effect 
of the laboratory pump on the model ints/¢o is peculiar to th~ model 
study and cannot bc transferred to the prototype. This effect might 
be a distortion of the flmv pattern as a result Of Lmsymmetrical flow 
through the pump. On the other hand, the nod61 p~.~p may have a sta- 
bilizing effect. ~%]~atever the effect, it would bc small• and if 
secondary disturbances are neglected, this effect of the p~np will be 
cancelled out in a comparative study. 

Third, the losses determined in the model have an accuracy of 
~0.003 foot. 

Bearing these factors in mind, the follov~ing conclusions 
are drawn from the model studies : 

The bellmouth entrea%cc is slightl~ bettor than the rectangular 
entrance from th stanapolnt of vclocity distribution and loss of 
head. The lilc.rcncc in loss coefficient "K" is of the order of two 
to throe pcrcGnt in f'avor of the bellmouth design. The minimum on- 

trance loss measured in the mod~l was O.10 V 2 . • where V is the 
2g 

velocity in the conduit. The loss in the prototype will bo relatively 
smaller because of the higller value of' Reynolds' number. A value of 

loss taken as 0.08 V 2 would b6 safe, considering the mag~nitude of 
2g 
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the velocity head in the prototype. The losses in the trashrack 
structure were of the same order of magnitude as the observation 
error, so that no definite figures can be given fordesign data. 
The loss due to the gate slots is the greatest factor in the total 
loss in the rectangular entrance. 

On the basis of head lost in passing through the e!h~ there 
is very little difference among the three elbows. .T~is is not sur- 
- " S " "~ .... " ~rising because in the usual in tallatlon of an eloow the major por- 
tion of the loss attributable to :the elb~.~ is developed in the down- 
stream tangent, due to maldistribution of thevelocity. In the 
problem of the pump intake, there is no do~stre~ntangent, but 
there is the pump which:maybe affected by the veloci%y distribution. 

From the standpoint of distribution, the vane clb~v is defi- 
nitely the best elbowj with the converging elbow next best. No 
attempt was made to find the magnitude and direction of the effect 
of the elbow on the performance of the pump. If this effect is ap- 
preciable, th~ vane elbow would.appear robe the most desirable 
elbow. If the effect is negligible• the choice of elbow is merely 
one of cost. In other words, the elbowwhich canbe built most 
economically is the ~ost desirable one. 

lO 
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