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LOW FEAD HYDROELECTRIC UNIT FUNDAMENTALS

The development of thousands of existicg low head damr in the United
States is once again becoming economical as nonrenewable energy re-
sources are rapidly increasing in cost. For almost two generations the
development of low head hydroeliectric sites had been all but stopped.
As a result, a very limited number of people today is familiar wita tle
basic technology and background. Not only has the terminology changed
but so has egquipment technology.

Low bead hydrc opportunities in USA are gradually being defined (Figure
1) as a result of efforts by the Departoent of Energy »nd the Corps of
Enzigeers, plus several other federal, state and local agencies. The
Corps of Engineers bas ideatified 59,000 existing dams in tae USA con-
servatively 103 of which may be ecomomic..llj developable for power. The
Department of Energy (DOE) has funded 54 low head sita feasibility
studies and seven projects will receive partial funding for comstruc-
tion. The recent energy bill (Figure 2) includes 10 million dollars per
year for 3 years for low interest rate feasibility study loans. Also.
100 million dollars per year for 3 years is authorized for low interest
rate construction ivans. The DOE has funded several study prcjects and
some may be helpful.

The Federal Energy Regulatory Commission (FERC), formerly Federal Power

Commission (FPC), has instituted new procedures for minor plant licinses
(under 1500 kW) and is planning to soon issue a2ew procedures for hydro-

projects, using existing dams. This may substantially expedite related

permits and licenses.

Incernationally low head sites have been developed to a somewhat greater
extent because of significantly higher costs for alternative sources of
energy and in some cases is due to lesser enviromwental and/or resgulato-
ry restraints. While U. S. manufacturers are preveated from selling
hydro generation equipment to foreign countries which have their own
hydroturbine industry, there are developing areas with significant low
head hydro potential without indigenous industries to satisfy their
needs.

U. S. industry clearly has the technology and hardware to economically
develop hydro sites. The fundamentals, however, are not widely under-
stood, therefore we would like t¢ review several fundameatal :nasidera-
tions and explajin wbat has been done to meet present project nesde.

Bead

To provide an introductory background for discussions of specific equip-
weat types it is appropriate to start with head and flow. Some people
find it rather shocking when it is pointed out "hydraulic turbines do

a0t use water". Stated more precisely, hydraulic turbines de¢ not consume
water. The same amount of water is discharged from the turbine as

eaters the turbine entrance.




On the other hand, the head is "used" and the degree to which some it
left over in terms of the discharge velocity is directly relatsd to tke
efficiency of energy conversiocn.

The distance from the forebay water surface to the tailwater surface
(Figure 3) is the gross head available it any particular site and at any
particular time. Hydraulic turbine models, »ap the other hand, are
tested under pet hezad ceaditions so that this test informstion may be
applied to any number of differeat site coaditions. The net effective
hesd on :“e turbine is determined by deductiag losses as the water flows
to the turbine an” as it leaves the turbine. These losses include such
items 1s trash rack losses. intake lesses, penstock loss, bend and
sudden expansion or contraction losses upstream of the turbine. For a
reaction turbine the discharge velocity head loss is pot deducted while
if an impulse tuvrbine is used, the distance between the nozzle ceater-

line and the tailwater elevation must be deducted since this caniot be
recovered.

As a3 result, an impulse turbine at & given site will have a lower net
head than 1 reaction tvrbine since the impulse turbine must be set above
the tailwater elevztion. If there is a substantial chapnge in tailwvater
surface elevation due %o changes in stream flow or turbine discharge
then the impulse turbin: may bave to be set relatively high sbove tail-
water. For low head applications this can be a subrtantial loss in head
or system efficiency.

For the old style open flume jmstallatioms the power plant owner geper-
ally was only familiar witi the gross head on the hydraulic turbine.

The difference betweea griss head ind net head frequestly was very small
since the intake and fiume was large with low velocities and the hydrau-
lic turbizes were of relatively low specific speed types resulting in
low discharge velocities. Today when we arc considering high specific
speed runners ia order to minimize the e uipment costs it becomes ex-
tremely important thac careful consideration be given to head losses onm
a specific project basis.

Flow

The water supply to most hydroelectric ipstallations is not comstant.
(Figure 4) Most rivers, even when they havs large reservoirs, are sub-
ject to periods of drougth as well as periods of heavy rains aund (1 od
flows. These natural characteristics are a major consideration when
selecting hydroelectric ejuipment and are site specifir s is the head
available. Heavy rain which causes flood runoffs may result in the
actual gross head at the project being reduced to a .most nothing. Om

the other hand, periods of droutk may reduce the water suprliy to minimum
amounts.

In ~c¢der tc attempt to predict the power available fron a particular
hydroelectric site, the historical water flow records nesd to be put
into usable €“orm. The usual approach is fro prepare a flow duration




curve based on at least a 10 year average of river flows adjusted to the
drainage area at the particular dam site. In USA this information
usually is obtained from United States Geological Survey gauging station
data. The most reliable data is obtained shen the gatging station is
close to the power plant site. With appropriate adjustments reasonable
approxivations may be made using gauging stztion information from a site
within the sawe general rainfall area. In addition, head duratiocn
information ;hould be developed which will correspond to the flow dura-
tion characteristics in order to more reasonably predict the kilowatt
bour output of the proposed project. The area under the flow duration
curve, limited by the turbipe-generator maximum output is proportiomnal to
kilowatt hours. Adjustments for flood flows, reduced head and dry
periods provide a reasonably accurate historical representation useable
for predicting future averages.

The older sites were frequently developed for the average flow available
to more nearly assure operation during a 10 or 12 hour workday. Today
where the hydroelectric ugmit will usually be interconnected with a large
system, it may be far more economical to develop for flows available 20%
to 30% of the time. This, therefore, is usually a good starting place
for sizing generating equipment.

Rules of Thumb

Rules o~f thumb (Figure 5) based on actual experience at thousands of
previous installations can provide a starting place for sizing equip-
ment. From experience we know that average rainfall information is
directly related to the streamflow based on the drainage ar=a at a
particular site. For example, in New England where the rainfall may
average from 20" to 30" per year, the drainage ares in square miles may
be doubled to obtain approximately the flow available 20% to 307% of the
yezr. This can provide a starting place for sizing the turbine on a
very preliminary, initial basis.

On tie other hand, if there are existing structures the sizing of an
individual turpine may be determined by the width of an existing tail-
race or the area of the tailrace outlet. Since modern tubular turbines
have draft tube widths approximately twice tne runcer diameter, the
runner size may be approximated on this basis. If, on the other hand,
this size turbine rupner provides a discharge so high that the tailrace
velocity is excessive in terms of velocity hesd loss, it may be neces-
sary to reduce the runpner size.

Other simplified calculztions such as multiplyiag the stream flow in
cubic feet per second by opne tenth of the head in feet to obtain the
horsepower aud tie horsepower by seven tenvhs t; obtain generator output
in kilowatts can simplify approximation of the c:apacity available at a
particular site. These rules f thumb and cimplified calculations help
to provide a quick and economical estimate of a particular site's poten-
tial. With such information and a basic knowledge of equipment altezrma-
tives as well as approximate costs, an initial approximation of sice
feasitility may be developed.
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The first question asked by most potential hydro site developers is "Do
I have an economical site?" or '"Under how low a head will a turbine
operate?”. For the first question e can usually provide a reasonable
ansver? However, the second juestion reflects a lack o understanding
that low head hydro is a question of economics and not whether or not
the equipmeat will operate. For preliminary purposes the cost of devel-
oping a particular site as it relates to the kilowatt output is an
important guidelipe. It must be recognized that in comparing various
sites with different heads, the cost per kilowatt of a site with zero
bead is infipite. Therefore, at progressively lower heads there is some
point at which one cannot afford to develop the site; yet machinery can
be provided which can develop power.

Setting

A third factor must be considered prior to equipment selection. Where
will the turbine be located with respect to tailwater elevations? Hydrau-
lic turbines are subject to pitting dus to cavitation which is damage
from localized metal vemoval. It is a result of irregularities in the
vater flow passages and excessively low pressures on the runner buckets
or blades, throat ring, gates, etc. Cavitation resulting from the
formation of partial vacuums in the flowing liquids is the primary cause
of pitting damage. It is not related to erosion but may be accelerated
by both corrosion and erosionm.

For a given head a smaller, lower cost, high speed ruaner must be set
lower (i.e., closer to tzilwater or evei below tailwater) than 2 larger,
higher cosz, low speed turbine ruanner. (Figure 6) Also atmospheric
pressure or plant elevation above sea level is a factor as are tzilwater
elevation variations and operatinz requirements. This is a complex
subject which can only be accurately resolved by model tests. Every
runner desigi will have different cavitation characteristics, therefore,
the anticipated turbire location or setting with respect to tailwater
elevations is important to turbine selection.

Oper Flume and Pressura Case

Most of the early hydraulic turbige installations were either in an open
flume or a pressure case. (Figure 7) The turbines were arranged either
with a vertical cr horizontal shaft and either a single runmner or sever-
al runners were mounted on the shaft with their respective gate cases.
Simplified illust:-ations show representative open flume and pressure
case set._ings with a straight conical draft tube extending below the
tailwater elevation. Many of the earliest installations actually did
not have an effective draft tube s> that they had to be set with the
turbine right at tailwater or the velocity nead frow the turbipne was
lost. Where there are existing structures they most lrequently are of
this general configuration. This may become very important in selecting
a suitable hydroelectric vnit which will provide most ecomomical civil
cuoastruction.




Intakes

Most modern installations, (Figure 8) particularly those with the higher
capacity hydroelectr.c units, have either a semispiral case for the
lower heads or a full spiral case for higher heads. It is importanmt to
be aware that th: spiral case water passageway widths are typically
taree (3) times the sunner diameter.

In the more modern low head installations, where tubular turbines have
been applied, the intake water passageways are generally only twice (2)
the rurner diameter in width.

Ir comparing two basic types of tubular turbine intakes, it should be
poted that Bulb unit intakes are generally approximately three (3) times
the run_.r diameter in height in order to obtain the necessary cross-
sectional ares for the watnr to pass around the geperator bulb. This is
also generally true with pit type tubular unit insctallations. On the
other hand, other types of tubular turbige installations, such as the
TUBE turbine and the Harza type arrangemeat with the rim generator, have
intakes which are only 40% to 50% la.ger than the rumner diameter. For
some applicaticas this caa be a significant factor in civil corostruction
cocts.

Draft Tubes

When low speed, large diameter Francis turbines were installed under low
heads the lack of a draft tube or a very shor® cone resulted in a nomi-
pal velocity head loss from the runner. This was mot particularly
critical for installations which were underdev~.  «d based on today's
standards since they spilled wzter over the di 3ozt of the year.
Rowever, today when we generally are trying t: redu n the overall equip-
ment and civil comstruction costs by using high spe~ific speed propeller
rupners, the draf: tube is extremely critical froe both a stability and
an efficiency vietpoint.

Since the runner 4iameter is small, a substantial percentage of the
total egergy is in the form of velocity of the water leaving the runner.
To recover this efficiently this velocicy must be reduced gradually and
pipe frictien lossss must be minimized.

To obtain generally acceptable draft tube outlet losses a straight
conical draft tude (Figure 9) must be approximately & or 5 times the
runner diametecr in leagth. If set vertic.lly, this means the hydraulic
turbine must be set substantially above the tailrace floor or that
tailrace floor must be excavated well below tailwater. If, on the other
hand, the dra‘t tube discharges hForizontally, it is very possible that
less excavation is reqiired.

In comparing the vertical aud horizontal comical draft tube arrange-
ments, it should be roted that approximately four (4) runner diameters
are needed fur a tailrace width when the vertical arrangemeat is used.
However, ¢nly two (2) runner diameters would be needed if the draft tube
is arra.ged horizomtaily.




To odtain some reduced tailrace width and ymt retain a vertical shaft
arrangement, which is particularly suited ro large hydroelectric equip-
ment, the elbow draft tube was developed. It will be noted that the
dzaft tude depth and width have both becn :reduced thereby reducing the
excavation required. On the other hand, the horizoatal leg of the draft
tube is stiil approximataly four (4) times the runner diameter in order
to obtain discharge velocities comparable to the straight comical draf:
tubes and the width is approximately three (3) rumner diameters.

An alternative horizontal draft tube might be described as an "S"
configuraticn in that a reverse bend is provided in order tc bring the
turbine chaft out of the water passageway. From the viewpoint of veloc-
ity head recovery the straight comical draft tube minimizes hydraulic
losses. A slight increase in loss is obtained when the draft tube is
beat and these losses, to scme degree, relate to the angle of the bend.
The significance of these losses may be substantial under very low heads
apd very high discharges, however, they become less impor-amt for the
lower capacity hydraulic installations and part locad operatiom.

Impulse Runners

There are two (2) basic classes of hydraulic turbipz.. These are ideati-
fied as impulse turbines and reaction turbines. The fundzmental differ-
eace being that impulse turbines are driven by kinetic emergy (jet
action) while the reaction turbines coavert both kinetic and pressure
energy. The impulse turbines (Figure 10) are inherently relativelv low
speed, large diameter machines as compared to reactionm turbines and are
therefors best suited for high head applications. A low capacity, high
head unit will however operate at a high RPM.

The tagngential type impulse runner with a single jet will operate from 3
RPY to 10 RPY based on the runner size necessary to obtain 1 HP under 1°'
head. This characteristic or specific speed can be increased by provid-
ing additiopal jets. For bhorizontal shaft ins*allations a maximum of
two jets per runner will increase the speed approximately 40% as a
result of the smaller physicazl size required for the same Lorsepower and
head relationship. If the turbine shaft is arranged vertically, a
maximum cf six jets have been used and since the runcrer would be even
smailer, the speed would be increased almost 2 1/2 times.

The Turgo o: diagonal type impulse runner is, in effect, a higher speed
design which would operate at ii RPM to 12 RPM. The Michell or cross-
flow type impuise runner has even a higher operating speed which is
approximately 20 RPM to 25 RPM again for a 1 HP unit under 1' head.

It should be poted that impulse runners must operate in air to be effi-
cient. This meanc that they must either be located above the maximum
tailwater elevation or prcvisions be made for pressurizing the housing.
Most installations are located abose tailwater and therefore the dis-
tance from the nozzle centerline to tailwater must be deductad in addi-
tion to intake and penstock losses to obtain the pnet effective head on




the runoner. The distance above tailwater for low head applications may
be a very appreciable loss so tha" this, in combination with the low
operating speed dnd relatively large physical siza, can make impulse
turbines uneconomical for low heads. On the other hand, it must te
recogniz+d that for very lnw outputs, izpulse turbines are being offerad
for heads as low as 4¢6' and capacities as low as 100 watts.

Reaction Runners

Reaction turbine runners include two (2) basic types identified as
Franzis and propeller. (Figure 11} The general physical difference is
that Francis runners have : shroud or band located circumferentially
around the runner discharge and attached to the runner buckets while a
propeller runner does not. There is one exception to this descriptior
which we will describe later under gecaerainrs.

Higa head Francis runneirs are characterized by a large inlet diameter
with low entrance height and a small discha:ge diameter. Their charac-
teristic operating speed for 1' head and 1 EP sutput would be in the
order of 20 PPM. 3Such runuer desigr:z have beea used for hecads in excess
of 1.500', however, for such bigh heads the r:ianer is generzlly located
well below tailwater elevations. This is pecessary in order tc minimize
pitting damage.

For medium heads and a characteristic speed of approximately S0 RPM, the
runper inlet and discharge diameters are almost the same. For the low
head Francis type runnegs, the inlet diameter is substantially smaller
than the discharge diameter and the entrance height hazs increased sub-
stantially to provide a greater ent ance area. These designs may oper-
ate at a characteristic spee.) of 100 RPYM aad again must he properly set
with regspect to %ailwater to minimize cavitation and the resulting
pitting damage.

It should be recognizasd that an experienced manviaciurer will kave a
whole series or family of Francis rucner designs over this . haraccer-
istic speed range. Ou the other hand, because usually these designs
have beea developed based on specific projects and needs, the operatiag
or performance characteristics are nct always consistent with the physi-
cal proportions and there car be very subitantial diff{erences in per-
formance for given runner configurations.

The early low Lead hydraulic turbine installations gererally used low
speed runaer designs (what we would comnsider as high head runner propor-
tions) which were aot subject to pitting damage if their water passage-
way and bucket designs were reasopably well shaped. as the technology
improved, there were increasing efforts to increase the runner speed and
to increase the runner output for a given head. With this came cavita-
tion with pitting damage and the recognition that a high speed runner
had to be set closer to tailwzter elevations. Some of the oider icstal-
latioas had runners set ertremcly higzh with respect to tailwater and
because of a2 relatively poor draft tute design, tnev did not experieace




excessive cavitation. For many of the oid runner designs the oaly
cavitation information available is based oan experience. Modern rumner
designs, however, ars model testad, oot caly for zfficiercy, but also
cavitation and other ouperating characteristics.

Propeller runner blades may be shaped verv similar to the buckets of a
Frapcis runner Zor mixed flow designs or substantially different for
ax.al flow designs. Also, the zumber of propeller runner blades is
generally substantially less than any of the Francis ruoner designs.
Vhile :the fewer number of blades provides a higher spsed and higher
ouvtput for a given size and head, it also resuits 1n a greater blade
loading and therefcre more critical cavitatioa characteristics. Cavita-
tion test data is therefore extremely important for low head, high speed
propelier runpner designs.

The mixed flow propeller runners are most commonly used under medium
heads up to appreximately 200' and may have a characteristic speed of
approximately 75 RPM depending upcn the number of blades and their
shape. The axial flow runners, on the other hand, will have charac-
teristic speeds up to approximately 200 RPM and while most installaticns
for low heads have a aminimum of four blades, some designs have used two
or three blade for extremely low heusds. Due to the high rotat:omnal
speed, high capacity or discharge for a given size and potoentially
simple water passageway, propeller runners are particularly suited to
low head applications.

While the early prcpeller runners had fixed position blades, it was not
long before the advantags; of being able to adjust the blade angles
became recognized. Both mixed flow and axial flow propeller runners
have been built with adjustable runner tlades. The blade configurationm
changes somewhat for the mixed flow designs due to the need for a larger
bub to contrin the blade operating mechanism. However, this change is
less noticeable ir the very low head axial flow runners. The advantages
of coordinating runner blade angle with wicket gate acgle was racognized
and patented by Dr. Kaplaa in the early 1900's aad today his name is
perpetuated as a designation for this specific type of comstruction.
This, however, was only one of his many patents but it was a particular-
.y significant patent in the United States. Althoug:r Dr. Kaplan dis-~
closed mixed flow propeller zunners as well as axial flow turbine in-
takes, it is Deriaz's name which is frequently applied to mixed flow
propeller runners with adjustable blades.

We will get into the performance characteristics of fixed and adjustable
blade runpers la:er; however, it is important to realize that the coocr-
dipaticn of runner blade position ana wicket zate position provides
optimun hydrauiic performance over a very wide range of flow and head
thereby making this an extremelyv desirable design for lew head applica-
tiens.




Distributors

Many different types of water control devices have beea developed over
the years to control the amount of water entering the hydraulic turbine.
The objective is to control the water volume with minimum trrbulence and
head loss at the various control device positions. Any of the control
devices illustrated (Figure 12) may be used with a propeller runner,
howaver, due to the radially inward pature of the flow to Francis run-
ners the more axial types of gate mechanisms are aot particularly suited
to Francis runner installationms.

Among the many early designs are the registar and cvlinder gate devices.
These were normally operated vy gear mechanisms, were relatively slow
moving and introduced substantial turbulence thereby reducing part load
efficiency. The register gate is basically a cylinder with intermittent
rectangular openings. It is moved circumferectially sc that these
openings either are in alignment with corresponding openings in the
stationary structure or are more or less blocked by the stationary
structure. The cylinder gzte is like a section of pipe which i3 moved
axially to open up more or less of the area between stationary guide
vanes which are usually located externally to the cylinder. Usually the
cylinder gate is housed within an extension to the intake vane structurs
making the distributor assembly twice as long as that of a register gate
distributor assembly.

Improved part load efficiency was obtained with the development cof
wicket gates. Such gates pivot about an axis either pnear ome eund or
near the middle of the gate itself. Early designs provided a lever or
link attached to the gate and then to a gate ring and the gate riag
operating mechanism, all of which was in the water passageway.

A morz modern refinement is the extension of the wicket gate by making
the trunnion intagral with the gate or rigidly atiached to the gate. A
lever could then be attached to the gate trupgnion or stem and by using
links and pins be connectesd to the gate ring and its operating mecha=-
nism. This outside type gate mechanism could either be located on the
turbine head cover or around the turbine thioat or discharge barrel.

The mechanism could be kept in the dry where it was accessible by either
the addition of a spiral cace to distribute the water evenly around the
runner or by a pit liner attached to the periphery of the head cover
flange. This so called outzide gate mechanism could also be submerged
within the water passageway.

Yore recently for propeller runner applications, both comical and radial
wicket gate arrangements have been used. These have the advantage that
the large diameter, rigid stay ring or column bolt construction needed
to support the head cover om a conventional outside type gate mechanism
is largely eliminated and the flow to the hydraulic turbine is brought
in more nearly axially. Some slight improvements in performance, par-
ticularly in the kigh capacity areas may be attributed to these arrange-
ments, however, the copmical gate arrangement is relatively expensive due
to the contour machining that is required to obtain minimum leakaze when
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the gates ar= closed. Special provisions must also be made %o provide
accurate aligoment of the gate stem bushings in the conical arrangement.

Any of these distributor assemblies is suitable for use on hydraul.c
turbine runners having a horizontal or inclined shaft in addition to
those haviag vertical shafts. Additionally, any of these basic distrib-
utor assembly configurations may be built with stationary wickat gatas
(fixed position vanes) rather thaa adjustatle wicket gates. When thais
is done the need for stay vanes for structural suppcrt and rigidity aay
be eliminated.

Generators

Hydroelectric unit gemerators can oe provided for horizontal, inclined
or vertical shaft arrangements; can be provided with speed increasers or
can be located within or exte-ial to the water passageways. In the
smaller capacities the generators may be of the induction type, may be
direct current or of the more conventiocnal bigher capacity synch-onous
type. There are, however, some overall characteristics that should be
recognized. (Figure 13)

Conventional directconnected synchromous generators have an optimized
pcle length to diameter relationship which has been developed over many
yvears. Such generators provide what is generally considered standard
flywheel effect, conveational short circuit ratios and other electrical
characteristics. Their power factor, voltage and insulation levels can
be selected .o meet system requirements. However, 30% power factor and
Tyre "B" insulation have been relatively typical. For the lower speeds
and lower capacity applicatioms, such generators are usually air cooled
and are physically designed to withstand the full hydraulic turbine
runaway speed under the highest head conditions. The vertical generators
also usually incorporate a thrust bearing designed to cacry all of the
rotating weight plus turbine hydraulic thrust. Frequently static exci-
tation equipment is used although brushless exciters may be mor= appli-
cable to the lower capacity, high speed ianstallations.

A speed increaser ip conjunction with a high speed generator may be more
economical for some applicatioms. Since the speed increaser adds many
more mechanical componeats which may eventually be sut ject to wear and
maintenance and will have an efficiency loss of at lezst 1% for the
first reduction stage (maximum ratio of approximately 5/1) and an addi-
tiomal loss of approximately 1% for each additionmal stage, thers must be
a sufficient reduction in total capital iavestment cost aad delivery
time to justify the disadvantages of a speed increaser. Such an ar-
rangement may be particularly advantageous when an indiction generator
can be accommodated within the electrical system. This means that =he
unit must be interconnected with a system from which it caa obtain
excitation epergy.

One of the advantages of using a speed increaser is that the turbine can
be operated at its optimum speed and the stepup ratic established to




provide a relatively high synckronous speed. In the range of higher
speed, low capacity generators there are not only many more sources of
supply but zlso a great manoy more motors ia this general frame size are
routinely being m2pnufactured. Hydraulic tuirbine overspeeds normally are
at least 80% abuve synchrooous speed for Francis turbines and in scma
cases for propeller turbines can go as high as 200% above synchronoous
speed. Design rof the generavor with respect to overspeed can therefore
become an important factor in power plant equipment cost cvaluations.

Bulb generaters are designed to fit within tae water passagewav. Gener-
ally their outside diameter is approximately equal to the turbirce runver
diameter to minimize head losses and unit spacing. The reduced stator
and rotor diameter resalts in longer poles. This generatoy configura-

tion has application for units with capacities greater than standardized
units.

Bulb unit designs offered by American manufacturers have been modified
based or Eurcpean experience. Advantages of the Bulb unit should be
most effective for the higher capacity installations where the custom
engineering is less critical to the total project cost.

The Rim generating unit, patented by L. F. Harza (about 1920) was pro-
moted in Europe during World War II to provide hydrogenmerating units
within a dam that could be over topped by water so that it was not
readily visable from the air. For these installations the geperator
rotor is mechanically attached to the periphery of the propeller runmer
blades. Comparisons of comnventional gecerator proportions related to
hydraulic turbine runner diameters, heads and speeds show there is a
rather wide range where very pearly conventional gemerator proportions
are applicable. The historical problem with this basic design has been
the difficulty of providing s rumner seal at the periphery of the runner
blades that will have a reasonable life. Improved szal techmology may
gradually minimize this problem providing the water does mot contain
sand and additional work is being performed to develop techniques for
rermitting adjustment of the runner blades. Present designs are gener-
ally unproven and rather complex. Adjustable runner blades also compli-
cate keeping the generator rotor comceatric.

On the assumption that seal, rotor and runner support problems can be
resolved this generator arrv:zugement would have the advantage that only a
single powerhouse crane is needed to handle both the turbine and the
generator. A straight conical draft tube and simplified intake can be
used., Ou the other hand, this is still basically a custom designed

generating unit which must be capable of withstanding the full turbine
runaway speed.

As with other components of a lov- head hydroelectric project, there is
no single design, type osr physical arrangement which provides an econom-

ical answer for a2ll sites. Hydroelectric power equipment is site spe-
cific.
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Cost Reduction

The challenge facing developers of low head hydroelectric sites is not
whether or pot technology is available or whether or not equipment will
work. The challenge is to find means to reduce project costs so that
the lower capacity and lower head hydroelectric sites will be econom-
ical. A fundameoatal approach to luwer cost projects is standardization.
The challenge is to standardize yet accommocdate site specific require-
Den”

Costs are most effectively reduced by examining the largest increments
of cost. Custom design and engineering costs are roughlv equal to the
manufacturing costs of ¢ all turbines. Therefore, standardizatior is
the single most productive area of cost reduction. This, of course,
becomes practical orly if a market of sufficient magnitude to recover
the standardization costs camn reasonably be expected to develop.

The benefits of standardizatiom include:

More <conomical development of lower head sites.

Spreading of design costs cver multipie units.

Utilize available somponents. Eliminate respecifying individual compo-
pen.s.

Simplify feasibility studies.

Simplify purchasing for customers.

Obtain economies of scale in manufacturing and purchasing.

Obtain quicker delivery.

Provide predictable, reliable installatioms at lower cost per kw.

In deciding what rhould be standardized there are several fundamental
parameiers that must be recognized.

1. A pipe is the simplest and most.economical means for moving water
from forebay to tailwater.

2. The propeller type runner provides smallest physical diameter with
the waximum output and speed for low head applicatioms.

3. Speed increasers, generators, valves and control components are
generally available and are essentially already standardized.

4. By bending the turbine intake or draft tube other standardized
components can be accommodated with minimum loss of equipment
performance.
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3. A complete unit from water intake to electrical tramsmission is
needed to further minimize custom engineering and project <ostCs.

6. Custom designed units incorporating most of these fundamentals have
been designed and manufdctured begiz: ing back in the 1930's. No
oew technology is needed, however, standardization of the hydraulic
turbine compcaents and electrical systems is peeded to reduce
costs.

Performance

Since low cost is one of the primary objectives it is appropriate that

the runner and distributor assembly be svaluated regarding their indi-

vidual benefits as compared to their costs. It will be recognized that
if a hydraulic turbine has fixed position blades and fixed wicket gate

(vane) positions, it will basically have one point of operation for a

given head. This is the simplest and lowest cost arrangement. (Figure
14)

Another approach would be the addition of adjustable wicket gates,
however, this involves anywhere from 12 to 24 gates with the correspond-
ing number of levers, links, and pins connecting them to the gate ring
plus push and pull rods etc., which substantially increases the turbine
cost but provides only a narrow range of good efficiency.

The next most economical increment is therefore adjustable runner blades

where we are dealing with only &4 or 3 basic adjustable components.

While this incremental cost varies with the equipment size to some

extent, it represents an increase in basic turbine cost of approximately
%- On the other hand, a very wide range of good efficiency is ob-

tained by using the adjustable blade runner with fixed position gates

(vanes).

Contrast this with the incremental cost of approximately 50% for the
additiocn of adjustable wicket gates which then only provide a relatively
narrov range of reasonable good efficiency. In general, the addition of
adjustable runner blades results in a minor cost iacrease but a very
major improvement in unit flexibility and operating range.

The point may very reasonably be made that adjustable wicket gates will
close off the flow while adjustable blades do not. On the other hand,
even when adjustable wicket gates are provided, a2 backup closure device
at the intake is conventionally used to permit maintenance, repair and
adjus*ment of the wicket gates. Generally a standard intake closure
device can he provided more ecomomically at or near the turbine. The
objective of reduced project costs and operating simplicity is served to
maximum advantage by this approach for a maximum number of applications
within the low head, lower capacity ranges. The combination of adjust-
able runner blades and and adjustable wicket gates (XKaplan turbine) with
its approximately 75% increase in turbine cost does not appear to be
justified for most of the lower capacity applicatioas.
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As a result, the present standardizaticn program inccrporates 2 or 3
stationary guide.vane shapes and fixed or adjustable biade runpers with
either 3, 4 or 5 runcer blades. These all fit withic 10 standard sizes
of basic water passageways. This approach provides a very high degrea=
of flexibility over a reasonably wide range of unit sizes. As more
details develop with respect to specific sites, there is, of course, the
possibility of extending this basic concapt in areas of eq ipment size,
applicable heads and necessary setting with respect to tailwater. The
ability to capitalize on :he many existing sources of largely standard-
iZed motors and generators as well as gear units aaud valves makes this 2
particularly practical and flexible stapmdardization program. It is aa
approach based on more than 100 years experisnce in the design and
appliczation of hydroelectric equipment and the capability of designing
and manufacturing all of the basic types of aquipment. It is founded on
extremely basic fundamentals.

Optimized Project Ccst

To summarize our objective of having the maximum benefits at minimum
costs, we have listad eight (8) specific advantages of the "TUBE" unit.
These superlatives are valid in comparing this upit with any other
equipment combigatiom or arrangement regardless wvhether it was equipment
manulactured ip the late 1800's or whether it is the latest, most imag-
inative, exotic design proposed.

To provide optimum project cost, the TUBE unit provides:

1. Highest runpner speed fcr given head, ocutput and setting above
tailwater.

2. Maximum applicatiou flexibiliry.

3. Maximum use of available standard components.

4, Smallest and simplest water passageways.

5. Migimum foundation and building needs.

6. Simples™ maintepance through maximum accessibility to all compo-
nents.

7. Coordinated water intake to electrical output with contrecls, a unit
concept.

8. Predesign to stacdard specifications and manufacturing procedures
to provide:

Low Cost

Fast Delivery
Eccoomical Installation




St.andard Unit

we would like to briefly describe the standard TUBE unit's extent of
equipment supply. (Figure 15) More detail is provided in published
literature and the standard specificatious.

Tight closure ir provided in the intake water passageway by a closure
device such as standard buttertly valves or an intake gate. The TUBE
turbine itself has fabricated sceel stationary guide vanes to provide
the propsr water flow tc the ruanner blacdes. These vanes support the
upstream bearing housing which contaians an oil lubricated antifrictien
bearing. The runner hub contains the blade operating mechanism for the
adjustable blade runners and is also of steel as are the runner blades.
This hub is bolted to a tubular shaft which provides stiffness as well
as low weight and avoids the ccst and delays freguently incurred with
forgings.

The fabricated steel water passageway optimizes the velocity head recov-
ery as the water is guided Srom the runner to the tailrace. This water
passageway is extended to provide a seal between tailwater and the
powerhouse generator room. A floating packing box is provided where the
turbine shaft extends through the water passageway. When the turbine is
dirmctly connected to a conventional genmerator, a combination outboard
guide and thrust bearing is provided to support the turbipe shaft. An
air operated clutch may be incorporated between the turbine and genera-
tor or between the speed increaser and genmerator if the latter proves to
be a suitable zltermative.

When an adjustable blade runner is used the blade cperating rod is
extended either through the speed increaser or through the generator if
direct connected, to a blade positioner. This blade positioner may be
controlled either manually, remotely, automatically from water level or
nay be provided with a simple governor.

The necessary oil pressure system with standard commercial reservoir aad
accumulators provide reliable operation of the blade positiomer aand/or
inlet closure device. It is included alongz with the necessary contrcl
equipmenat and instrumentation to provide basic equipment control and
protective devices for reliable operation. GCenerator grounding compo-
nents, excitation equipment, ipstrumentation, switch zear, breaker,
transformer and switches are available up to and including the sub-
station if their supply is advantageous to the project.

Complete projects will be considered for a coordinated turnkey approach
on a case by case basis. This may include the supply of financiag,

project engineeripng, <ivil comstruction, equipment installation, opera-
tion and testing. At the present time, units are being manufactured to
standardized designs including procurement and marufacturing proredures.

One of the objectives is to be able to provide machinery within six
months from receiving an order and in most cases have it in operation




within the next thres months. This in itself. should appreciably reduce
project costs and help to meet nationa. objectives o¢f increasing use of
repewable energy resources.

Experience

Most of the modern low head installations in the Uaited States have
included TUBE units. These instaliations have incscrporated custom
designed turbines with runner diameters as small as 30" (750 mm) and as
large as 315" (8 meters) in diameter. These latter units are the largest
tubular turbines in the world and were purchased by the U.S. Corps of
Engineers. Within the standardized TUBE unit size range there are five
installations in operatioa of which one is located in Canada. Each is
gepnerally similar to the standardized unit. (FTigure 16)

The purchasers iaclude a utility, a psper ~ompany, an irrigation dis-
tcrict and two municipal installatioms, one each ia Canada and the United
States. These installations ianclude both fixed and adjustable blade
runners, a unit with a speed increaser, both inductionm and synchronous
generators, both intake valves and gates and all have beea in successful
operatiocn for more tham 10 years. One installation has btlack start
capability, two others have head water level cootrsl instead of a gover-
nor and two are semiautomstiz or automatic with remote control. One has
no poweriouse. Three of the contracts were obtained as a result of
competitive bids while at least one of the other two were negotiated
contracts. All were handled as completely coordipated units.

Descriptive literature (Figure 17) is now available {or these standard-
ized hydroelectric generating units. This bulletin includes a sizing
chart so that based on pnet head and discharge or desirod kilowatt output,
a runner size can be established subject to modifications which might be
necessary to compensate for higher settings above tailwater elevatiosn.
Rased oa the various standard runner sizes, prelimipary overall dimen-
sions are provided as ratios relating to the runner size. A brief
specification is provided for each of the major components as are basic
singleline diagrams for the electrical and control systems used with
both induction and synchronous generators. A represeantative performance
curve is provided for purposes of comparing full load aad part load
operation.

The back cover of the bulletin provides a list describing typical infor-
mation which is needed in order to provide a more detailed equipment
sizing and site evaluation. Application Engineers are available to
assist poteatial iow head hydro site developers in 2valuating the equip-
meat alternatives for a particular site regardliess whetler in is a
standard TUBE unit or whether any other equipment arrangement may bettar
suitl the particular site reguirements.

This service is provided as part of the continuing effort to help hydro-
electric equipment users evaluate their project potential and economic
feasibility. It is a service which has been provided for more than 100




years to poteatial hydroelectric equipment users and their engineers.
We or» lookiang forward to your taking advantage of the most mcdern
technology and most r adily available engineering and economic assist-
ance. Hopefully you tooc cap justify a modera low head hydroelectri

installation to belp recover this renewable energy resource which is
currently being wasted at many sites.
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THE NATIONAL ENERGY ACT

Low INTEREST LOANS
$10 MiLLion/YEAR FOR 3 YEARS
FOR FEASIBILITY STUDIES

(FORGIVEABLE IF SITE NOT EconoMicAL)

$100 MILLION/YEAR FOR 3 Y=ARS

FCR CONSTRUCTIGN

FOR EXISTING DAMS

PCWERHOUSE PART ofF DaM

OMB ProPosING TO FunD onLY 18 MiLLIon IN FiscaL YearR 1979
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[. tailwater

(b) Reaction turbine
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Rules of Thumb

Rainfall ~—== CFS runoff/Square Mile
Examp:i2
New England 20" to 30"—=2CFS/Sq. Mi. —
Flow available 20% to 30% of year

CFS available 25% of Time is a starting place for turbine sizing

1/2 Tailrace width is a starting place for turbine sizing.

Head (Feet)
10
(Assumes Turbine Efficiency of 88.1%)

Horsepower = Flow(CFS) x

KW Generator Qutput = HP x Q.7
(Assumes Generator x Gear Eff. = 93.8%)

Tigure 3
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INTAKES & CASES
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IMPULSE RUNNERS
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DISTRIBUTOR ASSEMBLY

Cylinder Gate
Francis or Propeller

Inside Mechanism
Francis or Propeller

Outside Mechanism
Francis or Propeller

Conical Gates

Propeller

Radial Gates
Propeller

Shaft May Also Be Horizontal
Or Inclined

Fixed Position (Vanes) Gates May Be Used

figure 12
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TUBE UNIT INSTALLATIONS

Custom Designed
(Horizontal Shaft, Up To 3,000 mm Runner)

No. . , Type Shutoff
Plant Name & Owner Upjts Size/Type Head KW Outpul RPM Generator _Device
Lower Paint 1 750 mm 6.1 M 100 514 Induction Slide
Wisc. -Mich. Power Co. (30"} {20} Gate
ax
Wisconsin River. Div. 1 1 2,750mm 6.7M 2,000 150 Synchronnus  Special
Consolidated Papers, Inc. (110') (22') B.F. Valve
4XA
Turnip Check 1 1,500mm b.0M 420 218/900 induction Tainter
Imperial Irrig. Dist. (60") {16.5°) Gate
4XA
swift Rapids 2 2,000 mm 14.3M 2,500 277 Synchronous F.W. Gate
City of Orillia (77") (47')
5XA
10th St. Hydro Sta. 1 2,70mm 4.9M 1,440 128.6  Synchronous F.W. Gate
City of Norwich, Conn. {110”) {16.5')
4XA

*Metric dimensions are approximate

Year
Ordered

1951

1062

1963

1964

1965




standardize
hydroelectric
generating
units

® Low-head

® Modern

© Pre-designed

® Heads up to 15m (50')
@ Capacities to 5000 KW

Hydro-Turbine Division
York, Pennsylvania










