OPERATIONS

Optimizing the Corps’ Hydroelectric Generation
On the Columbia River: A Multi-Faceted Effort

The Hydroelectric Design Center of the U.S. Army Corps of
Engineers seeks to increase the efficiency of hydroelectric gen-

eration at projects on the Columbia and Snake rivers through a
number of activities. These activities — from field retrofits to

research and development — are producing positive results.

By Rodney J. Wittinger

he Hydroelectric Design Center of

the U.S. Army Corps of Engineers

is leading or coordinating a variety
of efforts in the field and laboratory to
optimize the efficiency of its 112
Kaplan turbines. These generating units
are located at hydroelectric projects on
the Columbia and Snake rivers in the
Pacific Northwest. With the exception
of recent turbine replacement programs,
almost 95 percent of the Kaplan turbines
in the Corps’ system are at least several
decades old. During those decades, the
original means of measuring aspects of
turbine performance — from position-

Rod Wittinger, P.E., is a mechanical
engineer and serves as a turbine expert
in the U.S. Army Corps of Engineers’
Hydroelectric Design Center in Port-
fand, Ore. He participates in or coordi-
nates with each of the organizations
listed in the acknowledgments at the end
of this article, and he oversees applied
research and implementation of im-
provements to optimize hydroelectric
generation within the Corps’ Pacific
region of the U.S.

Peer Reviewed

This arlicle has been evalualed ond edited in accordance
with reviews conducted by two or mare professionals who
have relevant expertise. These peer reviewers judge manu~
scripts for fechnical accuracy, usefulness, and everall impor-
tance within the hydroelectric industry.

80 HYDRO REVIEW / AUGUST 2003

ing wicket gates to the blade angles,
head, and power — have degraded.
Additionally, civil characteristics (e.g.,
the smoothness of the walls of turbine
water passages) have deteriorated.

To correct these deficiencies, the de-
sign center defined five areas where
field retrofits can be applied to improve
efficiency. These are:

— Calibrating and standardizing
wicket gate openings and turbine blade
angles;

‘— Measuring power output;

— Installing new instruments to
measure the head at individual generat-
ing units;

— Upgrading governor mechanisms
and controls; and

— Index testing of all turbines to de-
termine relative efficiency profiles.

The design center formed a new cen-
tral test group to perform field tests. The
Corps anticipates that the capability of
the group will expand within the next
two years to allow two test teams to be
in the field simultaneously.

At the same time, the Corps launched
laboratory and field research in six areas
of particular concern. A Hydro Opti-
mization Team sponsored by Bonneville
Power Administration (BPA), a federal
power marketing agency, was formed
to find a way of measuring — to a high
degree of accuracy — the absolute flow
through a generating unit. This team is
considering experiments to determine
the effect on unit efficiency of refur-
bishing turbine water passages. Addi-

tionally, plant efficiencies may be in-
creased through research in four areas:
properly sharing total load among in-
dividual generating units, modifying
wicket gates and stay vanes, testing of
minimum gap runners, and extending
the length of draft tubes.

FIELD RETROFITS

Calibrations and standardization

As the Kaplan units aged, their mechan-
ical control linkages changed. For ex-
ample, restoring cables have a tendency
to stretch with time. Consequently, the
Corps initiated a program to recalibrate
the control linkages of each unit prior to
and after index testing to assure that
mechanical operation agrees with elec-
trical instrumentation reporting.

In addition, the Corps is standardiz-
ing calibration protocels and proce-
dures system-wide. Previously, a mea-
surement of the servomotor stroke had
been used as an indicator of the wicket
gate opening. The actual opening of the
wicket gates, however, is not an exact
linear function of the stroke of the ser-
vomotor, but is usually a shallow S-
shaped curve. Further, this curve differs
slightly for each unit; often, the value
of actual wicket gate opening and ser-
vomotor stroke are not coincident. Vari-
ations or deviations exceeding 5 per-
cent in position have been measured
between the two when compared to
original erection engineer’s settings. To
address this problem, the Corps initi-
ated a program to permanently mount
transducers (digital absolute angle en-
coders from Stegman) on three different
wicket gate stems for every Kaplan unit
to measure wicket gate angle.

Standardization of measuring angles
applies to the runner blades as well, His-
torically, there has not been a standard
method among manufacturers to measure
blade angle. Most used two points on the
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Figure 1: This graph shows the differences in Winter-Kennedy calibration curves for Unit 5
at McNary Dam with and without fish screens.

blade surface — near the outer leading
and trailing edges — to form a hypo-

tenuse. However, to form the lower leg
of a triangle, some used a direct horizon-

Visit us at Waterpower Xlll, Booth 422

tal distance or the curved distance around
the blade periphery, while others used a
projection of that distance. Now, the
method of measuring blade angle on all
of the Corps’ Kaplan turbines is being
standardized to define the flat “over
travel” (the most closed position possi-
ble) angular position to the horizontal.

The method is simple for on-site
maintenance staffs to perform. The estab-
lishment of this minimum angle allows
the governor to position the runner
blades to the desired operating angle
through a standard control algorithm.

The Corps expects that these stan-
dardization efforts will significantly im-
prove unit, plant, and system outputs by
eliminating inconsistencies, errors,
and lack of information on adjustments
by placing the correct information and
tools in maintenance staff’s hands. Our
experience to date indicates that indi-
vidual units can be improved in effi-
ciency by as much as 7 percent by sim-
ply keeping a unit mechanically and
electronically “tuned.”
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Measuring power output

Another parameter being investigated is
the accuracy of the power output mea-
- surement. Power is needed to determine
efficiency. The accuracy of a power
measurement depends, in part, on the
accuracy of the calibrations of the power
transformers and current transformers.
We found that many power transformer
and current transformer metering circuits
have been overloaded (burdened) or
modified, thus affecting the measure-
ments. In addition, in almost all cases
investigated, the original calibration cer-
tificates of accuracy have been lost or
destroyed. The Corps initiated a pro-
gram to check the calibrations of all the
power transformers and current trans-
formers.

New instrumentation
for measuring head

The Corps is installing new and replace-
ment head measuring instrumentation,
using digital pulse radar transducers
from OHMART, at every Corps project
containing Kaplan turbines on the
Columbia and Snake river systems.
With the advent of electronic 3-D gov-
ernors, the blade angle of a Kaplan may
be positioned to an exact optimum angle
for any given wicket gate opening and
head. The head on an individual unit in
a powerhouse, however, can vary from
the head on another unit. This variation
is due to such physical differences as a
“tilt” of the water surface elevation
across the powerhouse and whether ad-
jacent units are generating simultane-
ously. The width of the Columbia River
exacerbates any tilting effect. Operation
of adjacent units, lock operation, and
spill may affect the velocity head at the
intake of the measured unit, as well as
the surface elevation at the draft tube
discharge.

The original instrumentation system
for measuring head consisted of only
two still wells, often located at one end
of the powerhouse — one for the fore-
bay and one the tailrace. Thus, the orig-
inal instrumentation no longer provides
sufficient accuracy to take full advan-
tage of the 3-D cam capability and
modern technology. As a minimum,
forebay and tailwater transducers from
OHMART are being installed on every
other unit at every powerhouse. The
expected return is a minimum of 0.25
percent in plant efficiency and a mini-
mum net worth benefit for the Federal
Columbia River Power System of $28
million.
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Figure 2: This graph compares the efiiciency of Unit 9 at The Dalles Dam at various points
during 40 years of operation. As the graph shows, the unit's efficiency decreased 2.4 percent

during the period.

Governor upgrades

A program is presently in place to up-
grade the existing individual governors
on each Kaplan unit to operate with mod-
ern 3-D cams. Originally, governors on
the Kaplan turbines were mechanical
with 2-D cams. They were retrofitted
with first generation electronic 3-D cams
in the 1980s. These existing systems are
now obsolete. Currently, the Corps is
installing modern Corps designs with
considerably more functionality. These
include many user friendly features,
significantly improved accuracy, and
communication with a master control
system. Other features include self-op-
timization capability, error checking,
and redundancy. In addition, upgrading
to digital governor components is un-
derway. We expect efficiency improve-
ments of up to 5 percent on an individ-
ual unit basis, with a system im-
provement in excess of 1 percent. This
efficiency improvement is a result of the
turbine actually operating “on cam” for
the actual site hydraulic conditions.

Index testing

Index testing is a method of determin-
ing the relative efficiency profile of a
hydraulic turbine. The name is derived
because the volumetric flow rate is not
usually measured in absolute terms,
such as cubic feet per second, but is
measured by “indexing” it against
some other known parameter. The com-
monly used indexing parameter on
Corps Kaplan turbines is the Winter-
Kennedy piezometer system. Similar to
“elbow taps,” a pair of piezometer taps
on the inner and outer radii and the same
radial plane of a semi-spiral case will
have a pressure differential proportional
to the square of the flow rate. Determin-
ing the relative efficiency profile pro-
vides an ability to determine the opti-
mum operation, so that the governor can
position the turbine blades to their opti-
mum angle for any given wicket gate
opening and head.

If the absolute flow rate in a Kaplan
turbine can be measured by an inde-
pendent method at the same time the

Rough, corroded blades can cause reduced efficiency in Kaplan turbines. The photo on the left

shows an unpainted blade surface on Unit 9 at The Dalles Dam; the blade is shown on the

right after it was sand blasted and painted.
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Winter-Kennedy piezometers are being
measured, then that piezometer system
can be calibrated to measure in terms
of absolute flow. Initially, engineers
thought that the required installation of
the various types of fish diversion de-
vices in a turbine intake rendered any
calibration of the Winter-Kennedys use-
less. Subsequent investigations found
that there is a different calibration for the
Winter- Kennedys for each different con-
figuration of the intake. However, that
calibration appears constant and the Win-
ter-Kennedys can be used to measure
absolute flow, provided they are regu-
larly calibrated for each different intake
configuration.

As a numerical example, on Unit 5 at
the 980-MW McNary Dam, without any
type of fish screens in the intake, the
Winter-Kennedy piezometers have a
calibration equation as follows:

Q = 5,443D05193

where:

Q equals flow rate in cubic feet per
second (cfs); and

D equals piezometric differential in
feet of water.

However, when “long” screens, also
known as extended submerged bar
screens (ESBS), are installed, the cali-
bration equation is changed as follows:

Q — 6,] 80])0.5062

In other words, at a flow of 10,000
cfs, the piezometric differential without
screens would be 3.23 feet and with
screens it would decrease to 2,59 feet.
This decrease in deflection would indi-
cate less angular momentum available
to be converted into shaft power. It also
emphasizes the need for different cali-
bration equations when fish diversion
devices are installed in the turbine
intakes. Figure 1 shows the calibrations
of the Winter-Kennedys with and with-
out fish screens.

Historically, index test data were
reduced graphically by hand plotting.
This dated to the older American Soci-
ety of Mechanical Engineers Test Code
(PTC18-1949), which stipulated the use
of the “smooth curve” data reduction
technique. In this technique, the effi-
ciency profiles for the individual fixed
blades are not drawn through the calcu-
lated efficiency data points. Instead, the
values of power and flow, absolute or
relative, are each plotted versus servo-
motor stroke. These are well-behaved,
positively sloped curves. Then, each
curve is interrogated at the same values
of servo stroke, such that the efficiency
curve may be constructed more accu-



rately than plotting directly could draw
it. Taking this one step further, the
Corps developed a computer program
to do this plotting and curve construc-
tion more accurately than previously
could even be done by hand.

The use of this graphical computer
data reduction program allowed a
detailed examination of Unit 9 at the
1,807-MW The Dalles project. Over the
past 40-plus years, this unit had been
index tested on a relative flow basis
three times, as well as tested once on an
absolute basis by current meters. The
Corps team reexamined this test data to
determine the peak efficiencies as
though the unit was operating with an
optimum cam in the governor during
each test. The peak efficiency of this unit
has decreased 2.4 percent, with most
occurring in the first eight years of oper-
ation. It is hypothesized that the initial
decrease is due to a roughening of the
surfaces of the water passages caused by
corrosion. From the test results, it is
clear that as Kaplan turbines age and
peak efficiency is reduced, the optimum
cam also changes. This demonstrates the
need to index test and adjust Kaplan tur-
bines on a periodic basis, though there is
no recommended standard. Figure 2
shows the decrease of peak efficiency as
The Dalles Unit 9 aged.

In order to achieve this frequency of
testing on all Corps’ Kaplan turbines in
the Pacific Northwest, a new central test
group was formed within the Hydro-
electric Design Center. The Corps antic-
ipates that this group will be further
expanded to enable it to have two test
teams — of two to three people each —
in the field simultaneously.

LABORATORY AND FIELD
RESEARCH

Measuring absolute
and relative flow

In order to determine the efficiency of a
turbine or to conduct optimizations at a
powerhouse, the absolute flow rate in a
turbine must be measured to a high
degree of accuracy. This is particularly
difficult on run-of-the-river Kaplan tur-
bines in which the cross-sectional area is
continually changing over the length of
the water passages and may contain fish
diversion devices. Historically, current
meters mounted on a frame in the intake
took these measurements, but this is
unfeasible with fish-screened intakes.
More recently, as an applied research

project, the Corps applied the acoustic
scintillation method of measuring flow
by using transducers mounted on a
frame in the intake gate slot on five
Corps projects. Basically, this method
times the passage of a particular turbu-
lence pattern over a short distance. How-
ever, the uncertainty of the absolute
measurement of flow obtained by this
method is unknown, and there are clear
indications of variable bias — likely
related to boundary or inlet conditions.

This measurement system does appear
satisfactory in determining relative flow
for calibration of the Winter-Kennedy
taps in defining the optimum “on cam”
curve, Using acoustic scintillation to cal-
ibrate Winter-Kennedy taps appears sat-
isfactory for use in unit self-optimization
algorithms. In order to quantify and pos-
sibly decrease the uncertainty associated
with this method of measuring absolute
flow, a Corps-sponsored scintillation
peer review commiittee has been formed
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Figure 3: This graph shows the correlation of the roughness of turbine blades to the efficiency
of the machine at Unit 9 at The Dalles Dam. While no efficiency gain was obtained from the
first sand blasting and painting of the blade, the blade was determined still to be three times
rougher than when it was first placed in service, leading to continued lowered efficiency.

with active participation from the Hydro-
electric Design Center. Recommenda-
tions of the committee concerning appli-
cation in absolute flow measurements
will be published in late 2003.

The Corps also is investigating other
alternate or new methods of measuring
absolute flow. The well-known technique
of “time of travel” has potential, as well
as other techniques. The “time of travel”
does not refer to the velocity of the water,
but to the velocity of an acoustic wave in
the water. Corps engineers proposed an
alternate method of mounting acoustic
transducers; this method will be evalu-
ated at one or two as-yet unselected
projects in the near future. Technical
specifications are being developed for
laboratory evaluation of various absolute
flow measurement methods while they
are subjected to various hydraulic flow
conditions.

Refurbishing turbine
water passages

In another area of applied research, ex-
periments have been and are being con-
ducted in an attempt to define the effect
on efficiency of refurbishing the water
passages of a Kaplan turbine. At various
projects, an unexplained turbine perfor-
mance loss has occurred when recent
results are compared to previous accep-
tance test results. This loss is currently
theorized to be a result of rough, cor-
roded water passage surfaces or blade
profile changes resulting from opera-
tion, or a combination of the two. If the
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magnitude of the losses due to surface
degradation are significant, simply re-
furbishing the surfaces may return a
substantial portion of lost revenue,
negating the need for turbine runner re-
placement. In that The Dalles Units
1-14 have experienced an unexplained
2.4 percent loss in performance and had
several historical field tests including a
current meter test, this site was selected
as a test case for the hypothesis.

Consequently, in November 2000, the
Corps index tested Unit 9 at The Dalles
after determining the surface roughness
of the existing components. The follow-
ing year, the water passage surfaces of
this unit were sand blasted and painted
with a Corps standard vinyl painting sys-
tem (5-E-Z). Based on weighting the sur-
face roughness of the individual turbine
elements by the submerged surface area,
the Corps estimated that the unpainted
turbine had an average absolute surface
roughness (Ra) of 121 micro-meters
(4,764 micro-inches). The average abso-
lute roughness of the painted turbine was
measured as (Ra) 21 micro-meters (827
micro-inches). However, when this unit
was tested again in June 2001, no change
in efficiency could be detected. The pho-
tos on page 84 show the unpainted and
painted blade surfaces.

A subsequent analysis concluded that
the surface roughness of the painted tur-
bine was still about three times rougher
than that of the original turbine when
first placed in service (64 to 250 micro-
inches). Figure 3 shows the correlation

between roughness versus efficiency at
The Dalles Unit 9. Consequently, the
Corps plans to refurbish the water pas-
sages of this turbine to near their original
installed condition; selection of a vendor
for this task awaits funding. If compara-
tive tests on this turbine do ultimately
show an efficiency improvement, the
conclusion will be that maintenance of
the water passages of a turbine needs to
done on a periodic basis. We have found
that to neglect such maintenance for
decades and then attempt to refurbish a
turbine to a sufficient degree is a diffi-
cult task. If the hypothesis is proven, a
more robust investigative program likely
will be undertaken to better define the
benefits and costs for surface finish
improvements. Retesting of the repainted
Dalles units is not presently scheduled.

Developing a control algorithm
for plant optimization

Research shows that overall power-
house efficiency can be maximized by
the way that a given total load is shared
among the individual generating units.
Even though the units in a powerhouse
may nominally be the same, they do
have individual differences. We found
in one instance that supposedly identical
units in the same powerhouse can ap-
proach a 4 percent difference in peak
efficiency. Thus, for any given power-
house load setpoint, unit availability,
and head, there is one unique way to
individually load the different units to
maximize the combined powerhouse
efficiency. That is, generating a given
load at a given head while using a mini-
mum amount of water maximizes the
efficiency of a powerhouse.

Researchers at the Hydroelectric De-
sign Center and consultant Lee Sheldon
developed a computer algorithm to select
the one optimum way to share load from
among the infinite number of possible
combinations. That algorithm has been
incorporated into a computer program
named “T2 Optimizer.” This program
will, in turn, be incorporated in the next
two years into the new GDACS (Gener-
ic Data Acquisition and Control Sys-
tem) presently being installed to control
generation on the Columbia and Snake
river systems. (See “Taking Control on
the Columbia: Enhancing Reliability
through Automation,” Hydro Review,
March 2002, pages 12-19).

Modifying wicket gates
and stay vanes

In conventional, vertical-shafted tur-
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Figure 4: These plots compare the efficiency of four minimum gap runner designs against
the efficiency of the ariginal machine and modern standard Kaplan design. Machine output
in horsepower is measured on the horizontal lines, while efficiency in percent is tracked

on the vertical lines.

bines, the distributor section is com-
posed of the wicket gates, an upper and
lower stay ring, and stay vanes. While
the purpose of the wicket gates is to
control flow, the purpose of the stay
vanes is primarily structural. They are
placed around and upstream of the
wicket gates to transmit the loading on
the roof of the spiral or semi-spiral case
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to the powerhouse foundation. Conse-
quently, stay vanes are designed sepa-
rately from wicket gates and located to
allow unit disassembly. Since they are
located in the flow regime, however,
they are usually given some type of
hydraulic streamline shape. The Corps
has used Computational Fluid Dynam-
ics (CFD) and physical turbine model-
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ing to investigate the interaction be-
tween stay vanes and wicket gates. The
investigation includes both performance
improvements and environmental en-
hancement to improve downstream fish
passage. The Corps found that modify-
ing the stay vanes to shadow the wicket
gates provided beneficial effects on tur-
bine performance — up to 2 percent
gains in efficiency — and the potential
of environmental improvements.

Testing of minimum gap runners

Continuing applied research and field
testing of minimum gap runner designs
are providing efficiency gains for the
Corps’ generating units (along with ad-
ditional benefits in safely passing mi-
grating anadromous fish). In order to
achieve a minimum gap runner configu-
ration, slots and gaps in the runner are
minimized, hidden, or covered. For ex-
ample, on the outer periphery, the dis-
charge ring is no longer a cylindrical
shape, but is spherical. That way, no
matter what angle the blade is posi-
tioned, the gap is minimized. Further,
design of the runner hub is modified by
maintaining a spherical relationship be-
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tween the blade and the hub.

This design is being successfully used
at the 518-MW Bonneville First Power-
house. While even the first minimum
gap runner developed produced a gain
in efficiency over the existing Kaplan
runner, subsequent designs led to fur-
ther increases in efficiency. Figure 4
provides a comparison of output versus
efficiency for four minimum gap runner
designs, the existing Kaplan, and the
standard Kaplan.

Extending draft tubes

In order to minimize construction costs,
Corps projects historically have been
designed and built with short draft tubes.
This was achieved by leaving a residual
amount of post whirl in the flow leaving
the runner so that the expansion angle of
the draft tube could be increased. How-
ever, this design also resulted in high
fluid velocities and velocity heads at the
exits of the draft tubes. Prototype biolog-
ical testing indicates that draft tubes and
their downstream discharge areas may
be extremely important for juvenile fish
passage. Consequently, hydraulic turbine
models have been and are being used to
investigate the benefits of modifying
draft tubes or adding many different
types of draft tube extensions, both for
performance improvements and biologi-
cal enhancements. Performance benefits
include increased efficiency and reduc-
tion in the inception of cavitation. These
performance benefits are site-specific.
Site-specific biological benefits may
result from closing the draft tube bulk-
head slots at the draft tube roof. Re-
searchers found that a significant per-
centage of migrants apparently find their
way into the draft tube bulkhead slots
and can stagnate there. Both fish pass-
ing downstream through turbines and
fish attempting to migrate upstream by
entering the draft tube exits can wind up
in isolated bulkhead slots for an un-
known amount of time. Draft tube ex-
tensions have benefits in the reduction
of the back roll and reducing the tailrace
discharge boil to produce a smooth
downstream transition from turbine pas-
sage to ambient river conditions. Current
biological investigations are planned or
have been performed in an attempt to
quantify the indirect component of tur-
bine fish passage. |

Mr. Wittinger may be contacted at U.S.
Army Corps of Engineers, Hydroelectric
Design Center, 333 S.W. First Avenue,
P.O. Box 2946, Portland, OR 97208-

2946; (1) 503-808-4280; E-mail: rodney.
j.wittinger@usace.army.ntil.
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