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l. Introductions Green ifountain Dam is a part of the Colorado-
Big Thompson project and its purpose is to store the flood flow of
the Blue Riwver and release this water to the Colorado Liver at a rate
which will offset the effect of the diversion of water from Grand
Lake through the Continental Divide tumnel. This storage and release
of water will require a drawdovm in Green ilountain reservoir of 135
feet each year in advance of the flood season.

Two 15,000-horsepower turbines and two 5C-inch outlet valves
will be installed in Green lountain power plant. Each turbine will
be supplied with water by a 102-inch diameter penstocke. The pen-
stock system which supplies the turbines and auxiliary outlet valves
consists of a trashrack structure at the intake, a concrete-lined
imllet shafft 15 fleet 5 idnches in ditameitery, & ‘eoncrete~lined btununel A8
feet in diameter and approximately 810 feet long extending from the
inlet shaft to a gate chamber where the flow is divided and passed
through two 102-inch ring-seal gates connected to 102-inch steel pen-
stocks installed in a concrete-lined, horseshoe-shaped tunnel approx-
imately 710 feet longs Y-branches located upstream from the power-
house divert all or a portion of the flow to the 50-inch outlet
valvese The principal features of the penstock system are shown in
figure 1.

2 « Summary. WModels of several elbow designs were tested to
determine the most efficient one for installation at Green llountain
Dame The most efficient one is an elbow of constant diameter with
a radius of curvature of one and one-half diameters followed by a
minimun length of one and one-half diameters of straight pipe before
flaring to the tunnel diameters

It was found that the piers and trash-rack bars are essential
in preventing the formation of vortices at minimum reservoir level.
However, the shape of the pier itself has very little effect, and
it is suggested that structural considerations be the basis for selec-
tion of pier shape.,

Three designs of Y-branches were studied and it was found that
the straight Y has minimum loss at zero diversion whereas the conical
Y has minimum loss at 100 percent diversione. Since the difference
in these two is wvery small at low diversions, the comical ¥ is the



better design, considering all conditions of operation.

3. Purpose of studies. The hydraulic model study was under=-
taken Gmattiellily for' the purpose of selectimg the most effiecient
design of bend which would satisfy design requirements.

“hen the bend studies were completed, it was decided that a
study of entrance conditions at minimum water surface should be
made because of the possibility that vortices might form and draw
air into the turbine penstock.

In order to supply hydraulic design information, three Y-branch
designs, including a new type with vanes, were tested.

4, Experimental apparatus and test procedure. A model of the
structure from the bellmouth entrance to a point about 60 diameters
dovnstream from the elbow was constructed to a scale of 1:29.671.
This model ratio was chosen so that available materials could be used.
The reservoir was simulated by a metal-lined wooden box of ample size
to insure proper performance of the entrance. The bellmouth entrance
was machined from a bronze casting to the shape recommended in Lab-
oratory Report Noe HM-1 of the Hydraulic Machinery Laboratory, Bureau
of Reclamatione From this point to a point 34 diameters dovmstream
from the bend, the model, including the various elbow models, was
made of transparent pyralin to allow visual observation of flow con-
ditions. The remaining portion of the model consisted of an aluminum
pipe 7.19 inches in diameter. An orifice 6-1/2 inches in diameter
was placed at the end of this pipe to partially restrict the flow.

jater was delivered to the head box through suitable piping by
an 8-inch centrifugal pump, and, after passing through the model, it
emptied into a tank which had a sharp-edged orifice in one side.
This tank was equipped with sufficient baffles to give proper flow
conditions for the orifices A water column connected to the tank
served to dndicate the heed ower the orifices

5. Elbow testses In testing the various elbow models no attempt
was made to maintain operational similitude. It was decided that the
performance of the various designs be comwared on the basis of the
discharge under the same heads In order to obtain significant dif-
ferences in discharge for the various elbows, the model setting was
designed for the maximum capacity of the circulating pump. The re-
sulting velocities were several times the velocity scaled from the
prototype. This distortion of the velocity scale resulted in an in-
crease in Reynolds! number which makes the tests more truly indica-
tive of the prototype behaviore. An orifice was chosen to measure
discharge because of its relatively high sensitivity to change in
discharges

The testing procedure followed a simple patterne The discharge



of the pump was adjusted until the level in the head box reached

a predetermined level. !:iith the head at this level, the discharge
was measured by means of the orifice box at the end of the model.
The level in the head box and the head over the measuring orifice
were read simultaneously at 15-second intervals for a total of ten
readings on each. It was very difficult to set the level in the
head box at the exact level desired; so a set of ten readings was
taken slightly above eand one slightly below this level. The dis-
charge at the desired head was then obtained by interpolation.

These discharge tests were run in succession and in as short
a time as possible so that all the elbows were tested under nearly
identical conditionse After completing the entire set in this manner,
each elbow was installed again and the following additional tests
were madee.

The velocity distribution at critical sections was obtained by
means of a cylindrical pitot tube. This tube has three openings in
a plane perpendicular to its axise. These three openings are con-
nected to manometers which are read to give the magnitude and direc-
tidon of the weloecity weetor im itlie plane ©f the holess The direetiion
is obtained directly by balancing the pressures on the outside holes,
and the magnitude is computed from the differential between the cen-
ter hole and either of the outside ones. Ifeasurements were taken
across two diameters at rizht angles to each other. At the same
time, the energy loss was obtained by reading the differential head
between the center hole and the headwater.

Pressure measurements were taken at several sections, includ-
ing all sections where velocity traverses were made. These pres-
sures were obtained by means of piezometer rings connected to water
or mercury columns, depending on the magnitude of the pressure.

6. Intake testss A few changes had to be made in the model
for the intake studieses ‘Vhereas in the elbow studies, which were
strictly comparative, the discharge scale could be ignoredy such is
not the case for the intake studies. In studying the vortex condi-
tilons) &t Gliel intale for “a deiffimite head over ithe entirancel, it s
essential that the discharge be in the correct ratio to this head.
To accomplish this the 6-1/2-inch orifice at the end of the aluminum
pipe was replaced by a smaller orifice, 2452 inches in dilameiteir
which gave the scaled head at the scaled discharge. In other words,
operaticnal similitude was maintained. The smaller orifice repre-
sents the control of the system maintained by the turbine. All the
intake tests were visual and consisted of trying various shapes of
piers and a training wall of smecial designe. The model s tructure is
shorm in plate 1.

7. Y-branch tests. After concluding the elbow and intake




tests, the aluminum pipe was replaced by a sheet-metal pipe of equal
diameter flanged so that the Y-branch models could be placed between
the pyralin and sheet-metal pipes. The entire model, including the
headwater box, was moved to a new location under an elevated V-notch
weir box so that the water could be metered as it entered the model.
A free discharge orifice was installed at the end of the sheet-metal
pipe to measure the discharge through this line. The difference be-
tween the discharge measured by the V-notch weir and that measured
by the orifice gave the discharge diverted through the branch.

A walwe ait the end of ihe branch likme [served to controll the pen-
centage of total flow diverted by the branch within the limits of
the watio seit: by the sige ©of the orifice at ‘the end of the dinect
pipe. This ratio was varied by changing the size of the discharge
orifice. For 100 percent diversion the direct line was blanked off.

In testing the Y-branch models, operational similitude was
again disregarded and maximum model discharge was useds The level
in the headwater box was held as high as possible and the total
discharge over the V-notch (Qt) and the discharge through the ori-
fice (Qd) were measured. Presswre readings were taken at four sec-
tions, located as shown in figure 6, by means of ring piezometers
and manometer tubes. Some velocity traverses were also talken at
these sections.

8. Results and conclusions.

Elbows.--The elbows tested were all 90-degree bends and had approxi-
mately the same radius of curvature, 9.302 inches in the model, with
the exception of the long radiws and vaned elbows. The design of each
elbow tested, as well as the location of the measurihg seetions), is
shown in figures 2, 3, and 4. The results of the comparative dis-
charge tests are shown in the following table. Each elbow is listed

according to the value of the measured discharge adjusted to the same
head.

Bend Wo. Description of ¥lbow Discharge, CefeSs
3 Long radius 3,114 34116
8 Constant diameter - 1-1/2 D

straight 3.077 3.073
8A Constant diameter - 2-1/2 D

straight 3.070 3.071
9 Converging-elliptical 34040 36037
5 Constant diameter - with throat 3.018 3.018
94 Converging-elliptical = 1-L/2 D

straight 34000 3,002
L Converging-double conical 2.989 2.988



Bend MNo. Description of Elbow Discharge, cefese

(] Converging-single conical 2,988 24985
6 Constant diameter-no straight 24982 2.976
4A Vanes - 5 vanes 2,972 20 ) (e
2 Converging - spiral, elliptical 2940 2938
4 Vanes - 9 vanes 2.901 2,901

The foregoing table gives a comprehensive picture of the comparative
performance of the various elbowss It will be noted that two dis-
charges are listed for each elbow arrangement. The first discharge
listed is the wvalue obtained directly from the tests by interpolation,
as explained previously. In obtaining these values the variation in
the length of the elbows was neglecteds Any variation in this length
results in the same variation in over-all length of the model be-
cause lalll other model lengths were fixeds In order that The results
be strictly comparable, this change was corrected by adding a hypo-
thetical length of 7.2-inch diameter pipe of sufficient length to
compensate for the variations. The loss in this added length was com=
puted by proportion from the measured loss in 23.4 diameters of 7.2-
inch diameter pipe downstream from the long radius elbow. The de-
crease in discharge resulting from this additional loss with the same
total head was then computed by the relation:

-y K
Q(corrected) = Q(measured) x \é"i-;-E-
where
V2
K = H(total)/ -
and

2
v
¢ = h/ ——, where h = loss in added length.
2g >

The corrected values of discharge do not differ materially from the
uncorrected values except in the case of elbow No. 6 where the change
amounts to two-thirds ot a percent. No changes occur in the relative
performance of the elbows due to the correction. in interesting
point is revealed for the case of the constant :iameter elbow ::ith
the two different lengths of tangente Althouzh frictional loss is in-
creased by adding the length of smaller pine for the longer tangent,
the net effect is only a slisht lowering in dischargee This is un-
doubtedly due to an offsetting increase in the efficiency of the
diffusers There is an optimum length of tangent, but no attempt was
made to find it because the change in performance of the elbows is
very slighte It ecan be stated that the length of the tangent is not
critical between 1-1/2 and 2-1/2 diameters, and the final design can



be any length between these two values.

The results indicate that the long radius elbow, which has the
generally recognized optimum ratio of radius to diameter of 4 to 1,
is the most efficient elbowe This elbow was included in the tests
merely as a ma tter of control, since the choice of elbow design is
limited by design conditions to one of short radius, which could be
formed within the diversion tumnel plug. The most efficient elbow
for installation is then a constant-diameter elbow with a radius of
1-1/% diameters and a length of downstream tangent equal to a minimum
of 1-1/2 diameterss,

In selecting the elbow for Green Mountain Dam penstock it was un-
necessary to consider velocity distribution because of the long run
of pipe between the elbow and the turbines. However, measurements
of velocity distribution were taken to complete the test of each
elbowe These tests are included and discussed for consideration in
future designs. The velocity at any point in a section was obtained
from the differentials measured with the cylindrical pitot tube by
means of the relationship V2/2g = Khe The coefficient K had been
evaluated in previous tests by traversing a pipe with a known dis-
charge passings

The results of these welocity studies are shown in figures 25 &5
and 4. A sketch of each elbow shows its design and the locations of
the measuring sections. The velocity distribution at each section
is shown in two ways; first, by means of isotachs drawn on the cross
section, and, second, by nondimensional plots of velocity versus
distance from the sides The cross sections with the isotachs show
the manner in which the distribution changes around each elbow. The
nondimensional plots give a comparison of distribution at each sec-
tion for different elbows.

These plots of velocity distribution give a comprehensive picture
of the conditions to be expected downstream from the elbows of the
types tested. For the specifiic study which is the subject of this
report, the distribution of wslocity is of nc conseguence. However,
there are many installations where the distribution is important.

It is apparent from a study of these nlots that the distribution is
materially the same at section 6 for all the elbowse. This section

is located at a distance of 7.4 diameters of the 7.2-inch pipe plus
some 4 diameters of the 6.235-inch pipe from the center line of the
vertical pipe. This distance, together with the fact that a diffuser
preceded this section, accounts for the relative invariance of the
velocity distributione At sections which are located closer to the
elbow, the distributions are quite different for the various elbowse
The vaned elbow is clearly superdilor to all the others from the stamd-
point of distributions The accelerating elbows are fair up to the



minimun section but from here on the distribution becomes distorted
in a short distance and then gradually improves up to section 6.

Iz is apparent phel se llengl ias jthe welter @s bieiing [aeeelleraited, the
flow remains stable and well distributed, but as soon as the accele-
ration is stopped, secondary flow develops. The secondary flow
actually develops before the end of acceleration is reached.

It has been contended that if any acceleration feature is imposed
on a bend it should be placed downstream f rom the bend and separate
from ite These tests seem to bear out this contention. With the
exception of bend No. 9, the constant diameter elbow followed by a
noeZle is the most cfficiemt of iblie aceelleration bendss ~OSifce tlhe
amount of aceceleration is materially less for the case of bend Nos 9,
it cannot be compared directly with the other acceleration bends.

The nondiriensionsl plots serve to compare the flow at any section
for different elhowse A few of the traverses are somewhat in error,
due to the influence of the measuring tube. This is the case only
for the smaller sections where the cross-sectional area of the tube
is relatively larges, The superiority of the vaned-type elbow is
again demonstrated in these plots.

Intalke,-=5ince all the piers tested had the same shape of tail,
e mede L. wias! biudlt vilth ‘tha's part of the piler fibsed din places wakkh
facilities for changing the nose piecess The various pier shapes
tested, as well as the curved training wall, are shown in figure 5.

The intake model was first operated without any trashrack struc-
ture. Small eddies combined to form a large vortex which drew in
an undesirable quantity of aire. The piers were then installed. The
presence of the pilers redueced the vortex detion te a large exbents
Although small vortices continued to form over the intake, they were
held to such a size by the piers that air was drawn in only at inter-
vals and then only a few bubbless The action was as follows. A&
small eddy would form at the side of a pier and then drift in over
the intakee. This eddy would grow in size until it was suddenly damped
out by the pierse. When the trashracks were installed the tendeney to
form vortices was again reduced. The presence of the trashrack bars
prevented fGlie formation of Bhe éddiles at the side of thie pilers wiiiclis
in the previous set-up, led to a vortex over the intake. A number of
small eddies wes created behind the trashraciz bars but they seemed to
be distributed at random so that thev acted to compensate each other.
"ith regard to the action of the different pier-nose designs, no
marked difference could be detected by visual observation. A larger
orifice, 4 inches in diameter, wes substituted for the 2.52-inch
orifice at the end of the model in order to inecrease the flow through
the model and thereby magnify any differences. There was still no
appreciable difference in the flow characteristicss No attempt wes
made to measure losses because they are of such small magnitude that



they were almost imperceptible in the model. The choice of pier
nose is therefore one dictated by structural considerations. The
training wall was then installed and studieds The presence of this
wall contributed no appreciable improvement in flow conditions.

In all cases wvortices formed ower the intake, but with the piers
and trashrack bars in place the vortices were small and only occa-
sionally reached the size necessary to take in aire. There is defi-
nitely no large single vortex such as formed over the intake without
plers and trashrack barse.

In order to stop all vortex formation it would be necessary to
drop the bulkhead gate and allow it to float on the surface when the
water level is 1lowe

Y-branche-~The Y-branch studies consisted of taking sufficient
measurements to permit computation of the hydraulic losses. The three
types of branches which were tested are shown in figure 6. The tests
were undertaken principally to determine the behavior of a new type
of branch (the vaned-Y) by comparison with the standard types. This
comparison is given in figure 7+ The losses expressed in percent of
the velacity head at section 1, which is just upstream from the branch,
are plotted against percent of flow diverted through the branch. These
losses were computed from the pressure measurements as follows:

v,2 Vg2
1+ &g)"(H2+ .?.g)

Lots of head = (H

where
Hl = pressure head measured at section 1.
Hp = pressure head measured at section 2.
. !
V, = average velocity at section 1 = s
il
Q
V, = average velocity at section 2 = -KE-'
2

The discharges Qy and Q, were obtained from the discharges measured
with the V-notch %Ql) and with the end orifice (Qy). The loss com-
puted as above was then corrected by subtracting the friction loss in
the length frem sections 1 to 2« The coefficient used to compute Ethe
friction loss was determined from measurements of loss from section 3
to the section just ahead of the end orifice. This run of pipe is

long enough and sufficiently removed downstream to give a fair value
for the friction coefficient.

It is evident from figure 8 that at zero diversion the three types
are quite similar. The straight and conical Y'!s are slightly superior.



At the extreme of 100 percent diversion ihe ceondigal ¥ is defimitely
superior to the other two. This branch is recommended for installa=
tion at Green Mountain because, in addition to a low loss at O per=-
cent diversion, it has the minimum loss at 100 percent. Thus it will
affect the turbine efficiency only very slightly and will enable the
needle valves to discharge more water for any given size. The values
of loss for sections 1 to 2 at 100 percent diversion and for sections
1 to 4 at O periecent diversion are meaningliess, since there is ao flow
between the sections. Any loss computed from the pressure measure=
ments is due either to secondary flow or errors in the measurements,
and when this loss is expressed in terms of zero velocity head, the
value soes to infinity.

Attention is called to the marked change in the performance of
the vaned-Y, depending on whether the upstream edge of the Y is sharp
or rounded. The sharp edge is definitely superior. The following
condition observed in the model serves to explain this difference.
At zero diversion there was a noticeable flow into the branch at the
upstream edge and out of the branch at the downstream edgece. This
flow interferes with the main flow and causes additional losse. The
cause of this flow is the pressure gradient across the opening of
the branch, and when the upstream edge is rounded there is less re-
sistance against the formation of this secondary flow.

Pressure measurements were taken at numerous points in the vaned-Y
and these data are shown in figures 8 and 9.

The method used for computing the loss due to the Y-branch is only
approximate in that it does not take into account the excess loss in
the pipe downstream from the branche However, for comparative pur-
poses it is felt that this method is acceptable. The better but more
complicated method of computing the losses wams carried through for
the condition of zero diversione The results are shown as followss,

Assuming that the coefficient of frictiomal loss from section 1
to orifice is eaual to 0.020, the computed loss is

: V2 y2
hf = 0,020 x U562 * = 0Esil2 S -8
Difference
Measured 2 Computed % 2
Y-branch Lossdfbs) ~AF Loss(ft.) Feet ..
straight 04330 0.700 0.218 OallZ oW ) pemm
straight 0.335 0.723 0.226 0.109  15.1 (..,
straight 04330 0.723 0.226 OulBE  Bez )
conical 0.335 0,725 0.226 0,109 15.0
vaned(round ) 06355 0.614 sl g2 0.163 2645
vaned(sharp)  0.325 0.685 0.213 Oallz 1644
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Table 1

Pressures in vaned-Y, round corner, in feet of water above center line of pipe.
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| g :

i i .

{ 8 2 g ‘& 2 86 & % /B |P ‘g 3 B § & & yu L@ 18 |8 P
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Qu = 24226 0efese; Qg = 0667 cefeses Q@ = 14559 oufese; % diverted = 70.1 |
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Table 2

Pressures in vaned=Y, sharp corner, in feet of water above center line of pipe.
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