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INTRODUCTION 

Reclamation (the Bureau of Reclamation) and CSU (Colorado State University) have agreed to collaborate 
on cavitation research with a model hydraulic tui'bine. The turbine is a 1:40.33 scale model of the 
700-MW turbine units G22, G23, and G24, at Grand Coulee Third Powerplant, Columbia Basin Project, 
WA. Allis Chalmers Corporation, York, PA, fabricated the model turbine, which was originally installed 
in the turbine test stand at Estes Powerplant, near Estes Park, CO, in 1974. The model is designed to 
operate in the prototype head range and provides complete geometric similarity with the prototype from 
the penstock intake through the downstream tailrace. Major components of the turbine model are shown 
in figures 1 and 2. 
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Figure 1.-  Elevation view of the test stand, as it was installed at Estes Powerplant. 
The standpipe was moved about 60 ft downstream when the test stand was installed at CSU. 

Reclamation used the turbine model during the 1970s and early 1980s for fundamental research on the 
phenomenon of draft tube Surging. Following decommissioning of the test stand in 1985, the facility was 
moved to CSU, where the model could be used for cavitation and draft tube surging research. A summary 
of the major events in the relocation project is given in table 1. 

The cooperative agreement had two main objectives. The first was the successful installation and 
operation of the turbine at CSU. The second was to investigate fourtechniques for monitoring the onset 
and severity of cavitation on the runner of a model Francis turbine. The four techniques are: 

Narrow band and one-third octave analyses of' hydrophone, accelerometer, and pressure 
transducer output 
Analysis of AE (acoustic emission) 
Analysis of shaft torque transducer output 
The use of magnetostrictive materials to detect stress waves traveling on the turbine shaft 

Each of these techniques demonstrated some potential for cavitation detection on prototype facilities. 
Controlled evaluation of these techniques can be most effectively accomplished using a scale model 
operating over a wide range of carefully controlled flow conditions in a laboratory environment. Once 
proven, these techniques could be applied to prototype machines. 



Figure 2. - The penstock and model turbine area. Main components shown include the penstock (left), 
spiral case, draft tube, and dynamometer (top). 

Table 1. - Time sequence of major events 

1-21-88 
2-17-88 

4-88 
6-8-88 

6-22-88 
10-13-88 
11-3-88 

11-10-88 
11-17-88 
11-29-88 
12-6-88 
2-7-89 

2-24-89 
3-1-89 

3-23-89 
3-30-89 
3-31-89 
4-28-89 
5-3 -89 

6-29-89 
6-30-89 

Planning meeting in Loveland to discuss moving the turbine 
Meeting at Estes Park to coordinate disassembly of the turbine 
Arrival of turbine model at CSU hydromachinery laboratory 
Official date of contract 
Official go-ahead given to begin installation 
Turbine, head tank, and tailwater tank in position 
Steel frame anchored to floor and footings grouted 
Cooling tank and associated piping in place 
Installation of 18-in (45.7-cm) supply line for turbine 
Installation of Rotovalve and venturi meter 
Installation of butterfly valve and tailwater tank discharge piping 
Purchase of new instrumentation 
Completion of major electrical wiring installation 
First site visit by Reclamation to evaluate progress 
Site visit by Reclamation to prepare for turbine startup 
Site visit by Reclamation to attempt turbine startup 
Site visit by Reclamation first startup of turbine 
Dynamometer disassembly started for inspection of bearings 
Completed inspection of top bearings - dynamometer reassembled 
Dedication ceremony 
Cavitation detection research started 



CONCLUSIONS 

The model turbine was installed at CSU, and checkout tests were performed to ensure satisfactory 
operation. The completed turbine installation with the coml~uter-aided data acquisition system provides 
a very useful facility for both graduate and undergraduate education. It is a unique installation for 
research studies in cavitation, draft tube surging, and other operational problems rela~d to Francis-type 
turbines. The following groups of practicing engineers used the facility for short courses offered at CSU 
during the summer of 1989: 

1. Second Intemational Symposium on the Design of Hydraulic Structures. 

2. Intemational Association for Hydraulic Research Work Group on the Behavior of Hydraulic 
Machinery Under Steady Oscillatory Conditions. 

3. The Egyptian Mechanical and Electrical Research Institute. 

Three of the cavitation detection techniques identified on page 1 were tested using the model turbine. 
Tests were conducted to evaluate the sensitivity of magnetostrictive sensors using a prototype 
magnetostrictive device, separate from the operation of the turbine model. These investigations provided 
insight into the proper method and location for making measurements, the Overall complexity of the 
cavitation process in hydraulic turbine, and directions for future research. 

An operating hydraulic turbine produces a wide variety of waterborne, airborne, and structurebome 
vibrations of widely varying amplitude and frequency. The path (coupling) between the source of the 
signal of interest and the measuring transducer needs to be carefully evaluated and confirmed. Particular 
care should be taken in locating the transducer to reduce extraneous noise and increase the signal of 
interest. Additionally, measurement methods and locations must be compatible with field requirements 
and practicality. 

Pressure transducers, hydrophones, and accelerometers are commercially available, dependable, precise 
measuring devices suitable for making measurements on hydraulic structures. One-third octave analyses 
of the outPut from all three of these devices showed an increase in output level with increasing cavitation 
activity on the runner. Plots of rms (root mean square) levels versus the cavitation index (c~) all indicated 
a break in slope that corresponded with the onset of cavitation in the vicinity of the runner. 

One-third octave and narrow band analyses of  the hydrophone output showed a definite drop in signal 
level above about 5 kHz as cavitation activity increases, i.e., as ~ decreases. This is the same effect noted 
in tailwater hydrophone measurements at Flatiron Powerplant. Cavitation generates bubbles that may 
attenuate the higher frequencies in a systematic way. 

A pressure transducer mounted just below the runner in the draft tube wall served as a good indicator of 
cavitation activity. In addition to one-third octave rms levels, time domain output and narrow band 
analyses both gave some indication of cavitation. Attenuation of the bucket-passing frequency occurred 
as cavitation increased. The attenuating effect of the vapor cloud is apparently the cause. 

0ne-third octave rms levels of the accelerometer outPut sampled between 12.5 and 20 kHz showed a 
definite increase with cavitation intensity. However, due to the mass damping at this frequency range, 
spikes on the time domain plot were absent. Very high frequency signals were detected at cavitating 



conditions. These signals indicate thai a high-frequency response accelerometer, i.e., AE might be more 
appropriate. 

Torque and torque variation measurement~ failed to provide direct indication of cavitation. Since the 
sampling rate was only once per revolution for the torque indicator in use, events affecting torque on a 
shorter time scale were not evidenL Shaft oscillations were detected. 

AE instrumentation was very responsive to a variety of signals originating in many parts of the turbine 
test stand. These included cavitation at the Rotovalve and air passing through the head tank and other 
portions of the system. Difficulty was experienced in isolating AE signals due to cavitation on the runner. 
Some insight into proper placement of AE sensors was obtained. This work indicated that sensors 
obtaining their signal directly from the shaft should be investigated further. 

Experiments with a prototype magnetostrictive actuator provided valuable experience with basic concepts 
of magnetostriction. The actuator was very sensitive to small impact loads. Magnetostrictive materials 
have the potentialto form the basis for a new class of highly sensitive, noncontact sensors. Additional 
work using both magnet0strictive composites and amorphous films (metallic glasses) is encouraged. 

RECOMMENDATIONS 

The process of developing procedures for monitoring cavitation intensity on the runner of a working 
hydraulic turbine ideally would involve a machine (both model and prototype) where the cavitation activity 
was clearly visible. The Allis Chalmers 1:40.33 scale model affords an excellent view of the cavitation 
activity over at least the lower portion of the buckets. Cavitation occurring on or near the wicket gates 
or in other parts of the machine above the runner was not visible at the source. One of the Flatiron Power 
Plant units would provide a good field verification site for the model measurements if some viewing 
mechanism could be fitted to either units 1 or 2. 

The transducer location for optimum coupling between the runner and detector appears to be the shaft; 
however, more study-is required to confirm this. The use of magnetostrictive films attached to the shaft 
should be thoroughly investigated. 

TURBINE TEST FACILITY 

The turbine test facility was installed in the hydromachinery laboratory at the CSU ERC (Engineering 
Research Center). Thelaboratory was built in the late 1960s to test large pumps, valves, and other 
hydraulic machinery. The floor of the laboratory is a continuous poured, 3-ft (0.91-m) thick, reinforced 
concrete slab, making the site ideal for vibration testing of large machinery. 

Water supply to the model is provided through a steel pipeline directly from Horsetooth Reservoir, just 
west of the laboratory. The supply line begins at a valve house at the base of Soldier Canyon Dam, where 
a 36-in (91.4-cm) diameter pipe draws water from the bottom of the reservoir. This pipeline supplies 
water to the CSU hydraulics and hydromachinery laboratories, as well as Fort Collins Water Treatment 
Plant No. 2, located across Laporte Avenue north of the ERC. At the southwest comer of the hydraulics 
laboratory, a 36-in (91.4-(~m) ball valve with a 6-in (15.2-cm) bypass serves as a guard valve for the 
hydromachinery laboratory. A 26-in (66.0-cm) pipeline continues 682 ft (208 m) to a trifurcation just 
south of the rainfall and erosion facility. The right-hand branch of the trifurcation is a 24-in (61.0-cm) 

,i 



diameter line that proceeds about 80 ft (24.4 m) to a valve house located 230 ft (70.1 m) upstream of the 
hydromachinery laboratory. A motor-operated 24-in (61.0-cm) ball valve at this location serves as a 
second guard valve for the installation. 

• ~,t=,~/t, c,,,~ t**, 0o" ,,,,,w,~7 bn,,=, 
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Figure 3. - Plan view of turbine test facility arrangement. The turbine test stand is installed 
on the west side-of the hydromachinery laboratory at the ERC. 

Following the guard valve, the pipeline enters the north end of the hydromachinery laboratory; the 
arrangement inside the laboratory is shown in figure 3. Just inside, the 24-in (61.0-cm) line enters a 
bifurcation, where the flow is diverted into the 18-in (45.7-cm) line supplying water to the test facility. 
An air-release, vacuum-break valve is mounted on the top of the bifurcation. Blowoff valves upstream 
of the bifurcation permit dewatering. Immediately downstream of the bifurcation a hand-operated 22-in 
(55.9-cm) butterfly valve is installed for emergency shutdown. A hand-operated 10-in (25.4-cm) butterfly 
valve controls a 10-in (25.4-cm) emergency bypass line, discharging through the west wall of the 
laboratory. The turbine test stand is located about 75 ft (22.9 m) downstream of this bypass. The facility 
from the venturi meter through the head tank, penstock, turbine, draft tube, and tailwater tank is essentially 
the same as it was at Estes Powerplant. The head tank rests on a steel frame structure about 8.5 fl 
(2.59 m) above the floor of the laboratory (fig. 4). The turbine, dynamometer, and cooling water tank are 
installed on the same steel structure used at Estes Powerplant (fig. 5). Discharge piping from the tailwater 
tank proceeds about 60 ft (12.2 m) downstream, through two 60 ° bends that align the flow for discharge 
past the standpipe, through an 18-in (45.7-cm) motor-operated butterfly valve, and into the wasteway. The 
wasteway conveys the discharge into an open channel leading to College Lake, about one-fourth of a mile 
downstream. 

INSTALLATION 

C o n t r o l  R o o m  

The test facility is operated from a control room located on the second floor of the laboratory, immediately 
upstream of the turbine test stand (fig. 6). The dynamometer control console, valve control panel, and 
major items of instrumentation are located in the control room. Signals from pressure transducers, 
thermoeouples, and other sensors are relayed through an input panel near the model turbine to an output 
panel mounted in the control room. These signals are continuously monitored by a Hewlett Packard HP85 
computer and a 3421A Data Acquisition and Control Unit. This system provides the operator with the 
current operating status of the turbine model. Large viewing windows allow the operator to see most areas 
of the test facility, and a closed circuit TV monitor in the control room permits viewing of the turbine 
nmner through the plexiglas draft tube. 



Figure 4. - Head tank for the model turbine. Flow from the Rotovalve enters the head tank on the right and exits 
through the model penstock on the left. The control room is located through the window on the left. 

Figure 5. - Dynamometer (right) and the dynamometer cooling water tank installed 
on top of the test stand frame. 
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Figure 6. - Test facility control room showing the valve control panel (left) and 
dynamometer control console (right). 

Cool ing  Water  and Bear ing Lubricat ion 

Cooling water for the dynamometer and 
lubrication water for the carbon sleeve bearing are 
provided from the left-hand branch of the 
bifurcation inside the laboratory. This 24-in 
(61.0-era) pipeline serves another research effort, 
but may eventually become the primary 
emergency bypass for the turbine facility. 

A 3-hp air compressor (fig. 7) supplies air to the 
oil mist lubrication units and the runner 
reaeration system. No provision has been made at 
this time for supplying compressed air to the 
head tank or tailwater tank. 

Discharge Piping 

Figure 7. - Three-hp, 20-gal air compressor with oil/water 
About 40 ft (12.2 m) of 20-in (50.8-cm) diameter and particulate filters. The compressor supplies air to the 
pipe was installed downstream of the tailwater oil mist lubrication units. 
tank to carry the discharge from the tailwater tank 
to the wasteway. Two 60* bends align the flow for discharge into the wasteway. The 14-in (35.6-em) 
diameter standpipe is installed just outside the south wall of the laboratory, approximately 2 fl (0.61 m) 
upstream of the motor-operated 18-in (45.7-em) butterfly valve. The standpipe was shortened to eliminate 
excessive wind loads; it now rises about 25 ft (7.62 m) above the centefline of the tailwater tank, as 
compared to 42 ft (12.8 m) at Estes Powerplant. 
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Electrical 

Electrical wiring from the control room to the turbine area was installed in aluminum conduit. The wiring 
for the 18-in (45.7-cm) butterfly valve, located outside of the building, was installed using flexible, 
weatherproof conduit. In addition, data signal wiring from the control room to the turbine area was 
installed in separate conduit to reduce signal interference. 

The auxiliary controllers for the 10-in (25.4-cm) cone valve (Rotovalve) and 18-in (45.7-cm) butterfly 
valve were installed on the supporting structures for thg head tank and dynamometer, respectively, where 
they can be easily reached by personnel in the model turbine area. 

The Rotovalve and dynamometer were installed on Separate electrical circuits, so that a fault in  the 
dynamometer circuit would not interfere with the emergency closure of the Rotovalve. In the event of 
a total power failureat the facility, flow through the model turbine must be stopped quickly to prevent 
turbine nmaway. This must be accomplished using the manual bypass and shutoff valves described 
earlier. 

Other options considered for the emergency shutoff system included a UPS (uninterruptable power supply) 
on the Rotovalve, or a hydraulic actuator to control the manual bypass and shutoff valves. The preferred 
alternative for a future emergency bypass system is to use the left hand branch of the bifurcation as the 
emergency bypass. A hydraulic actuator would control the operation of bypass and shutoff valves. 

011 Misters 

Three precision bearings are lubricated by oil mist supplied by three oil mist units. Compressed air was 
originally supplied to the misters by a 1-1/2-hp air compressor already present in the laboratory. 
Following initial runs, a buildup of oil shellac within the air regulators on the misters caused the regulators 
to stick open at the start of each run. It was suspected that the oil supplied with the oil mist units when 
they arrived from Estes Powerplant had deteriorated due to age, causing the shellac buildup. The air 
regulators were cleaned, and the oil mist reservoirs were drained, cleaned, and refilled with a new oil 
recommended by the dynamometer manufacturer. After several hours of operation, the shellac buildup 
returned. Following the failure of the 1-1/2-hp air compressor, a new 3-hp (2.24-kW), 20-gal (75.7-L) 
air compressor was purchased. This compressor is equipped with water; oil, and particulate filters, and 
an automatic condensate blowoff valve. Since the installation of the new compressor, the shellac buildup 
has ceased and the misters have worked well. 

Bearing Inspection and Replacement 

The model turbine and dynamometer as a unit contain six bearings, shown schematically in figure 8. The 
model turbine bearing is a carbon sleeve, lubricated and cooled by waterflow through the bearing. 
Immediately above this bearing is the turbine precision bearing that is lubricated by oil mist and supports 
the bottom of the model turbine shaft. The rotor of the dynamometer rides between two grease lubricated 
trunnion bearings. Also, an additional pair of precision bearings is mounted between the two trunnion 
bearings. Following installation of the dynamometer and model turbine into the test stand, the bearing 
manufacturer recommended that the two trunnion beatings be replaced. When the dynamometer was 
disassembled (see app. E for details), both top bearings were in excellent condition. The top trunnion 
bearing was replaced because it was easily accessible. However, the excellent condition of the top 
bearings, and the difficulty of further disassembly of the dynamometer prompted the decision to 
reassemble the unit without examining the bottom bearings. 



In addition to inspection of the bearings, the turbine shaft was removed from the test stand to permit 
lubrication of the upper and lower floating couplings. The couplings were completely degreased and then 
packed with grease before reinstaUation. 

Dynamometer 

precision bearlngs / 

/ 
! ! 

Runner 

t r u n n i o n  b e a r i n g s  

Figure 8. - Location of dynamometer and turbine bearings. 

Wicket Gate Assembly 

During the installation of the turbine model into the test stand, the wicket gate handwheel assembly was 
removed to prevent dhnage to the handwheel mechanism and the digital counter. After reinstallation, 
initial tests showed that the wicket gate calibration was no longer consistent with data obtained while the 
model was at Estes Powerplant. An analysis of the wicket gate setting showed that the gate opening for 
a given counter reading was 2.2 ° larger than that indicated by the previous calibration data. Appendix F 
contains the revised gate calibration. 

CHECKOUT TESTS 

Following installation of the facility, a series of checkout tests was performed. The objective of tflese tests 
was to ensure the proper operation of cooling and lubrication systems, waming and safety systems, and 
the dynamometer control systems. A fidl-load checkout was performed to ensure the safe operation of 
the model in regions of high load and rough operation. 

Initial attempts to operate the model were unsuccessful due to improper setting of a number ofpressure 
switches in the cooling water circuit. Following readjustment of pressure switches, the turbine was 
operated for the first time at a 14 ° gate opening for about 1 hour. Problems were noted with the pressure 
switch monitoring the water supply to the carbon sleeve bearing cooling system during this run. This 
switch was originally set to operate at 85 lbfm 2 when the model was installed at Estes Powerplant. The 
switch was readjusted to operate at 55 lbfm 2 and the flow through the carbon sleeve bearing was 
monitored. The flow rate was about 2 gal/min with no significant temperature rise• 



Following the initial operation at 14 ° gate opening, a second run was made at 26.25 ° gate opening. 
During the run, temperatures of 127 °F were noted on thermocouples 1 and 3, which monitor the 
dynamometer inductor ring. There was concern because the Load Test Record data sheet stated, "If any 
temperature exceeds 120 *F, shut down the unit and investigate possible cooling water problem." Also, 
the DOC (Designer's Operating Criteria) indicated that the cooling system reaches its maximum capacity 
when the cooling water reaches 130 OF, and a temperature of 165 °F or above will cause the removal of 
excitation from the dynamometer. 

Measuremt~nts of stem position on the modulating valve in the cooling water circuit indicated that it might 
not be operating properly. There was some discussion of the purpose of the unused J-type thermocouple 
meter (G11) on the dynamometer control console. This gauge was shown on Reclamation Drawing 
1222-1)-1537, but no electrical connections were indicated. 

These events prompted a complete reevaluation of the operation and monitoring of the dynamometer 
cooling system. The modulating valve was tested and found to be working properly. However, a close 
examination of the manufacturer's draw~gs for the dynamometer showed that G11 had originally been 
intended for monitoring the discharge side of the dynamometer;, this temperature, not the temperature of 
the inductor ring, affects the dynamometer excitation circuit. The DOC gives no guidelines for the 
temperature of the inductor ring, except that the inductor ring temperature should not tend to increase 
under constant load. 

Following these discoveries, a new J-type thermocouple was installed at the discharge side of the 
dynamometer, and the data acquisition system was modified to monitor a T-type thermocouple that had 
been previously installed at this point. In all runs since the installation of these thermocouples, the cooling 
water temperature has remained at or below 96 °F on the discharge side of the dynamometer. Appendix C 
provides a complete description of the cooling system operation. 

During the last checkout test, the operation of the overspeed circuit was tested and found satisfactory. The 
overspeed circuit will cause automatic closure of the Rotovalve and shutdown of the facility if the turbine 
speed exceeds 3,350 r/min. 

The turbine was operated at a 21 ° wicket gate opening over a large speed range to demonstrate negative 
-and positiv.e swirl and the noise associated with the vortex breakdown. The facility seemed to be 

structurally sound even during operation in very rough zones. Some vibration of the head tank and its 
supporting structure was noted. This has been monitored during subsequent runs and has not been so 
severe as to limit operation. 

OPERATION OF THE TEST FACILITY 

Basic Operating Procedures 

The basic operating procedures for the test facility are unchanged from those used at Estes Powerplant. 
The operations checklists used are: 

Filling main laboratory pipeline 
Preoperation inspection 
Setup for operation 
Start operation 
Shutdown procedure 
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The checklists have all been revised to suit the facility as it is installed at the hydromachinery laboratory. 
The checklists are included in appendix A. 

The operation of the turbine is controlled from the dynamometer control console. Both speed control and 
load control options are available; speed control is most commonly used. During cavitation testing, the 
data acquisition system is used to help set the desired test conditions. Visual observations of cavitation 
on the runner are also made. A short video tape of some cavitation conditions has been prepared. The 
video also recorded the draft tube vortex, along with its associated noise. 

Improvements 

Improvements to the facility include thermocouples to monitor the turbine bearing temperature and 
dynamometer cooling water discharg~ temperature. The long distance from the control room to the model 
turbine has also prompted the installation of a closed circuit television system. This allows the operator 
to view the runner and draft tube from the control room. 

Emergency Procedures 

Emergency procedures for the facility have changed substantially. If a power failure were to occur at the 
hydromachinery laboratory, flow through the turbine model must be stopped by manually closing the 20-in 
(50.8-cm) butterfly valve downstream of the bifurcation. A 10-in (25.4-cm) bypass equipped with a 
manually operated butterfly valve has been installed just upstream of the 20-in (50.8-cm) shutoff valve. 
Proper operation of these valves during an,emergency has been described in a separate document included 
in appendix B. This document also describes procedures for situations including loss of oil mist 
lubrication or loss of cooling water supply. 

Operation Limitations 

Head. - The total available static head from Horsetooth Reservoir is about 250 ft (76.2 m) with the 
reservoir at maximum normal water surface. Due to irrigation demands on the reservoir this head may 
often drop significantly. During the summer of 1989, the static head available dropped to less than 200 ft 
(61.0 m). 

Cavitation coefficient. - The additional length of the discharge line downstream of the tailwater tank and 
the presence of the two 60 ° bends have increased the head loss in this portion of the discharge path; as 
a result the NPSH (net positive suction head) cannot be set less than about 30 ft (9.14 m). With 
Horsetooth Reservoir at full capacity, this permits a minimum cavitation coefficient (o) of about 0.12. 
Under the low head conditions experienced during the summer of 1989, the minimum a obtained was 
0.155. According to data supplied by Allis Chalmers, this range of c values is on the border of the point 
of efficiency loss due to cavitation, one  attempt was made to run a cavitation break test. The results of 
this run are shown in figure 9. The data are typical of a cavitation break test; unfommately, the lowest 

was slightly above the point where one expects a dramatic drop in efficiency. 

The shortened length of the standpipe noted previously has limited the maximum NPSH available to about 
50 ft (15.2 m). Any higher NPSH causes discharge of water through the top of the standpipe, with 
resulting local erosion near the wasteway. At maximum head this limits the maximum a to about 0.2, 
but at lower heads, a values of 0.3 to 0.4 can easily be obtained. This is sufficient to eliminate cavitation 
on the turbine runner under most operating conditions. 
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Figure 9. - Results of attempted cavitation break test at 17" gate opening and speed ratio = 0.70. 

P o w e r .  - Initially there was concern that the cooling capacity of the dynamometer cooling water circuit 
would not permit operation above about 200 hi). However, after reexamining the operation of the cooling 
system and beginning to monitor the temperature of the discharge water from the dynamometer, brake 
horsepower outputs of up to 300 hp have been safely reached. At no time has the cooling water 
temperature on the discharge side of the dynamometer exceeded 96 °F. This is well below the specified 
operating maximum of 130 °F stated in the DOC. 

R e c o m m e n d e d  C h a n g e s  a n d  I m p r o v e m e n t s  

Air compressor .  - The use of the turbine model for research in which control is needed of the upstream 
and downstream water surfaces will require the use of a high capacity air compressor. 

Butterfly valve poslUon Indicator. - During checkout tests and later operations, the long distance from 
the control room to the tailwater tank has caused poor response of the control room tailwater pressure 
gauge. Because the control room is on the second floor of the laboratory, there is no indication on the 
gauge until the tailwater head reaches about 12 ft (3.66 m). Possible solutions for these problems include 
a pressure transducer on the tailwater tank with a meter readout at the control console, a pressure 
transducer on the 14-in (35.6-cm) standpipe with meter readout at the control console, or an angular 
position indicator for the butterfly valve. The position indicator would only give the operator a relative 
feeling for the level of the tailwater but is by far the least expensive alternative. 

Emergency shutdown system. - The current emergency shutdown procedure requires quick, clear 
thinking and proper execution by two people to shut down the facility in the event of a power outage. 
A safe and more effective system would be to use the left hand branch from the bifurcation (24-in pipe) 
as the emergency bypass and to have its operation controlled by a UPS system or a hydraulic actuator. 
This would provide immediate, safe shutdown of the facility, with no damage to the turbine model, and 
no danger to personnel in the laboratory. 
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INSTRUMENTATION AND DATA ACQUISITION 

Sensors 

Strobe  light. - The strobe light is part of a B&K (Brilel and Kj~e0 vibration and rotating machinery 
equipment package purchased by the project. The unit is equipped with an optical, external trigger, 
allowing the strobe to be automatically synchronized to the shaft speed of the turbine. Also, internal 
triggering options permit controlled viewing of each individual bucket On the runner. The strobe is battery 
operated and can be recharged repeatedly. 

Optical t orque  s e n s o r .  - Two optical triggers are used as part of the optical torque sensor developed by 
the project. The triggers sense the passage of the leading edge of a reflective [ape strip attached to the 
model turbine shaft. Thetwo triggers and corresponding tape strips are placed at different positions along 
the length of the shaft. An oscilloscope is used to measure the elapsed time between the passage of the 
two tape strips. As torque on the shaft increases, the shaft twists, and the oscilloscope senses this as a 
time shift between the two pulses. 

A c c e l e r o m e t e r s .  - Two accelerometers are used on the project. The first is a small portable unit, which 
was also part of the B&K vibration package. The second accelerometer is on loan from Reclamation and 
is a B&K Type 4370. Stud mounts for this sensor have been installed on the T-beams surrounding the 
model turbine. 

P r e s s u r e  t r ansduce r s . .  Two types of pressure transducers are used. Two Endevco piezoresistive, 
absolute pressure transducers are used for cavitation detection and are usually mounted at the draft tube 
throat. The second set of transducers are Pace differential pressure transducers. These transducers are 
permanently installed for measuring the pressure differential across the venturi, the pressure on the 
upstream side of the model turbine, a0d the pressure on the downstream side of the model turbine. The 
HP85 computer processes the signals from these transducers and calculates the operating conditions for 
the turbine. 

Thermocouples. - T-type thermocouples monitor the temperature of the turbine bearings, incoming water, 
and the cooling water discharged from the dynamometer. These thermocouples are all monitored by the 
HP85 computer. In. addition, a new J-type thermocouple has been installed to monitor the dynamometer 
cooling water discharge temperature on meter G11 at the dynamometer control console. 

Hydrophone. - A B&K Type 8103 hydrophone is used for cavitation detection. The hydrophone is 
mounted through the top viewing window of the tailwater tank, and hangs in the quiet flow just above the 
draft tube exit. The signals from the hydrophone and accelerometer are both relayed through a B&K Type 
2635 charge amplifier. 

A c o u s t l c  e m i s s i o n .  - A Physical Acoustics Corporation 3000/SPARTAN AE system is on loan from 
Reclamation. AE transducers detect the high-frequency acoustic energy released by the development of 
cracks in a solid material. AE transducers are also sensitive to the high frequency noise created by the 
implosion of cavitation bubbles. Thus, AE offers two prospective means of detecting cavitation. 
Cavitation bubbles imploding in the flow may be detected by sensors mounted on the flow boundaries, 
or cavitation that causes damage to a flow boundary will create true AE signals that may be detected by 
a sensor in contact with the damaged material. 
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Magnetostrlctlon. - A prototype magnetostriction actuator was purchased from Edge Technologies, Ames, 
IA. The unit uses the magnetostrictive material ETREMA Terfenol-D. This material can be strained by 
applying a magnetic field. Conversely, this material produces a magnetic field when it is strained. This 
unit is planned for installation in the vacuum chamber at Reclamation's Hydraulic Laboratory in Denver 
for cavitation experiments. Also, several small strips of Terfenol-D material have been obtained for testing 
with the model turbine. The strips may be attached to the turbine shaft using an epoxy glue. An 
inductive pickup loop surrounding the shaft will detect changes in the magnetic field caused by stressing 
of the Terfenol-D. 

Oscilloscope 

The Hewlett Packard 54501A digitizing oscilloscope is used for recording lime domain signals from the 
accelerometer, hydrophone, and pressure transducers. The oscilloscope has also been used in the 
development of the optical torque sensor described previously. 

O 

Dynamic Signal Analyzer 

The Hewlett Packard 3561A dynamic signal analyzer is used for performing narrow band and one-third 
octave analyses of output signals from the accelerometer, hydrophone, and pressure transducers. 

Data Acquisition System 

The data acquisition system consists of a Hewlett Packard HP85 computer and a 3421A Data Acquisition 
and Control unit. A computer program written in BASIC on the HP85 drives the system. 

T h e  computer program performs three main functions. The first is to scan each pressure transducer, the 
thermocouples, the torque load cell, and the tachometer generator. The program computes the basic 
parameters describing the operation of the turbine. The second function is to aid the operator in 
establishing appropriate test conditions for cavitation experiments. The data required to compute o are 
taken, and when the required o value is reached, an alarm is sounded. The last function of the program 
is to monitor a single transducer. This is useful in debugging problems with individual transducers. The 
program output can be routed either to the screen or to a thermal printer. A flowchart for the program 
has been included in appendix G. 

TECHNIQUES FOR CAVITATION DETECTION 

The second objective of the project was to evaluate four techniques for determining the presence of 
cavitation on the runner of the model turbine. Narrow band and one-third octave analyses of hydrophone 
and accelerometer output have been tried earlier on some hydropower units of the C-BT (Colorado-Big 
Thompson) Project (Skinner, 1986, 1987). AE measurements involving cavitation have been performed 
Satisfactorily in the Reclamation Hydraulic Laboratory, Denver, CO, by Mefford (1988). Recent 
developments in new magnetostrictive materials show promise as supersensitive detectors for measuring 
stress waves in the shaft of a turbine (Hemando, Vazquez, and Barandiaran, 1988). Shaft torsional 
oscillations recorded atFlatiron Powerplant and Grand Coulee Third Powerplant were excited by hydraulic 
disturbances on the runner (Eilts and Campbell, 1979). Magnetostrictive materials have also been applied 
in recently patented torque sensors (Eaton Corporation, Milwaukee, WI). 

Sensor Placement 

The B&K Type 8103 hydrophone was installed in the tailwater tank. The hydrophone' was suspended 
through the top viewing port, about 6 in (15.2 cm) below the free water surface. This placement left the 
hydrophone above the high velocity flow emerging from the draft tube. This is comparable to the location 
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used for tailrace measurements at Flatiron and other C-BT powerplant sites. The B&K Type 4370 
aceelerometer was stud-mounted to the turbine test stand frame (fig. 10). This location is in direct 
structural contact with the spiral ease, stay ring, and distributor assemblies. An Endevco Model 8530-100 
piezoresistive absolute pressure transducer was flush-mounted at the draft tube throat, directly below the 
runner (fig. 11). 

Figure 10. - Accelerometer, stud-mounted 
on the turbine test stand. 

Figure 11. - Piezometric pressure transducer 
flush-mounted at the draft tube throat. 

Narrow Band and One-Third Octave Output 

Runs for all three sensors were performed at full gate opening in regions near zero swirl to eliminate 
interference from draft tube surging. The desired cavitation point was achieved by varying the tailwater 
level while maintaining a fairly constant speed ratio, (~), at a given wicket gate opening. The speed ratio 

is defined by: 

6 o ~  

where: 

N = shaft speed (r/m) 
D 2 = runner throat diameter (fl) 
H = net head (ft) 
g = acceleration of gravity (ft/s 2) 

Although changes in the tallwater level cause changes in the net bead, a constant speed ratio could be 
maintained by varying the shaft speed of the model. This was easily accomplished using the speed control 
capabilities of the dynamometer. 

Based on the first author's experience at the Flatiron units, one-third octave and narrow band analyses 
were performed on hydrophone, aecelerometer, and pressure transducer output (Skinner, 1986; 1987). The 
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overall, one-third octave rms levels for the hydrophone, pressure transducer, and accelerometer areplotted 
against the cavitation coefficient, a, in figures 12, 13, and 14. A pronounced increase in rms level 
corresponded to the onset of cavitation, which was visually evaluated to be about a = 0.25 for operation 
at full gate. 
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Figure 12. - Hydrophone one-third octave rms levels vs. ~. 
These data were collected at full gate opening and a speed ratio of 1.02. 
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Figure 13. - Pressure transducer one-third octave rms levels vs. G. 
These data were collected at full gate opening and a speed ratio of 1.03. 
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In addi~on to the variation in rms levels, one-third octave and narrow band analyses of the hydrophone 
output showed a definite drop in the signal level above about 5 kHz as cavitation activity increased. 
Figures 15 and 16 show examples. 
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Figure 14. - Accelerometer one-third octave rms levels vs. o'. These data were collected 
at full gate opening with the speed ratio held constant at 1.03. 
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Figure 15. - Hydrophone one-third octave analyses. The top plot is at a = 0.27, while the lower plot is at c = 0.18. 
As cavitation activity increases, components above about 5 kHz drop out. 
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Figure 16. - Hydrophone narrow band analyses. Note the loss of high frequency 
signal as cavitation activity increases. 

Narrow band analyses of the pressure transducer output also gave some indication of cavitation. Under 
noncavitating conditions, the blade passing frequency dominated the signal. However, as the tailwater 
level was lowered and cavitation increased, the blade passing frequency became less dominant. This 
behavior is shown in figures 17 and 18. Note that the blade passing frequency itself is different in the 
two figures because the shaft speed was varied to maintain the same speed ratio and unit power as the 
tailwater level was changed. 

T i m e  D o m a i n  O u t p u t  

The Endevco pressure transducer mounted just below the runner in the draft tube wall gave an indication 
of cavitation activity when the signal was monitored in the time domain, Figure 19 shows a trace that 
was obtained at o = 0.25; some bursts of cavitation were visible on or near the trailing edges of the 

buckets. 

The accelerometer also provided some indication of cavitation when signals were monitored in the time 
domain. During runs at cavitating conditions, time traces recorded with the digitizing oscilloscope 
indicated very high frequency signals, between 350 to 500 kHz. Figure 20 shows one such trace. These 
short-duration, high-frequency signals are far beyond the range of the accelerometer, which has a resonant  
frequency of about 25 kHz. Although the amplitude of these signals is unreliable, their presence during 
cavitating conditions indicates ttiat high-frequency sensors such as AE transducers may be useful for 
cavitation detection. 
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Figure 17. - Pressure transducer narrow band analysis with no cavitation. Note the strong 
signal at the blade passing frequency (approx. 530 Hz). 
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Figure 18. - Pressure transducer narrow band analysis with cavitation. The blade passing 
frequency (approx. 554 Hz) becomes less dominant as cavitation intensity increases. 
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The frequency of this burst is about 36 kHz. 
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Figure 20, - Time domain output from accelerometer. Note the extremely high frequency of 357 kHz. 
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A E  ( A c o u s t i c  E m i s s i o n )  T e s t i n g  

AE measurements were made using a Physical Acoustics Corporation 3000/SPARTAN AE system. 
Establishing a threshold level of AE activity between cavitating and noncavitating conditions was not 
attained in the limited investigation. 

Testing was done using a calibrated AE signal generator to try to determine portions of the turbine 
structure that would be sensitive to cavitation occurring on the runner. The draft tube was removed and 
an AE transducer configured as an exciter was placed on the runner (fig. 21). An AE sensor was then 
located at various points around the structure and output signal levels were recorded. The best coupling 
with the least interference from random excitation impacts of a small hammer on other parts of the turbine 
assembly was found between the runner and the shaft just below the lower coupling flange (fig. 22). 
Other locations that were sensitive to signals originating on the runner were the head cover/stay vane ring 
and the uppermost bearing cap. The bearing cap seemed to be well isolated from signals originating on 
other portions of the model and test stand structure. Although the shaft was sensitive at the bottom side 
of the coupling, no signal could be detected above the coupling. Table 2 summarizes the results of the 
measurements. 

Figure 21. - AE transducer configured as a 
sending unit mounted on the turbine runner. 

M a g n e t o s t r l c t i o n  

Figure 22. - AE transducer mounted on the lower shaft 
coupling just above the turbine runner. This transducer 
was used to receive signals transmitted through the 
transducer in figure 21. 

The magnetostriction phenomenon refers to the strain changes that occur in a material in the presence of 
an imposed magnetic field. Conversely, magnetostrictive materials also. experience changes in 
magnetization when placed under mechanical stress. James Joule first discovered the magnetostrictive 
effect in nickel in 1840. Subsequently, it has been shown that all ferrous metals are magnetostrictive. 
However, maximum strains in these materials are relatively small; the strains in nickel are limited to about 
50 parts per million. 
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The greatest advantage of magnetostrictive materials for sensing applications is that the output is in the 
form of a changing magnetic field. Changes in the magnetic field are detected by an inductive loop; 
physical contact with the magnetostrictive material is not required. This eliminates the need for slip rings 
or telemetry systems. 

ETREMA Teffenol-D is a magnetostrictive composite containing the elements iron, terbium, and 
dysprosium. Strains attainable in Terfenol-D at room temperature approb~h 2,000 parts per million. This 
material is currently available in several shapes, including rods and plates. The sensitivity of Terfenol-D 
is greatly increased when the material is under a compressive prestress. The output is linear, provided 
some magnetic bias is applied to the material, usually by a permanent magnet or d-c electromagnet. 

Table 2. - Results of AE slgnal transfer tests 

AECAL-2 Settings 

AE mode 
Amplitude Hi 
Exciter located on blade 7 
Single-ended transducers 
SPARTAN threshold. 80 dB <Fixed> 
SPARTAN gain - 0 dB 
RTTO/SCETO/RTO are trigger parameters 

Burst - 05 I~S 
Delay = 10 Its 
Rise time = 10 liS , 
Decay = 500 
Carrier = 150 kHz 
Preamplifier gain = 40 dB 

Receiver location Input amplitude RTTO/SCETO/RTO Output amplitude 
(dB) (ps) (dB) 

Runner 83 20/50/50 55 

Shaft - bottom of coupling 83 20/50/50 34 

Beadng cap 93 20/50150 38 

Stay vane support ring 83 20150/50 40 
(headcover) 

Shaft - bottom of coupling 93 20/50150 39 

Shaft - top of coupling 99 20/50150 No signal 

Shaft - above coupling 99 20/50/50 No signal 

Stay vane support ring 83 500/1000/4000 49 

Stay vane support ring while 83 50011000/4000 35 to 55 
turning shaft by hand 

Draft tube'throat ring 83 500/1000/4000 44 

Shaft - bottom of coupling 93 500/1000/4000 38 

Uppermost bearing cap 93 5001100014000 36 

Note: The uppermost bearing cap seemed to be well isolated from noise originating from the penstock, spiral case, and 
other portions of the structure. Most other locations were sensitive to such extraneous noise. 
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For sensing applications on the shaft of a turbine, amorphous metallic glasses in film or filament shape 
with circular cross section may prove more effective. Eaton Corporation, Milwaukee, WI, holds several 
patents on the use of metallic glasses for torque measurement. 

Initial experience with magnetostrictive materials was gained in tests conducted with a magnetostrictive 
actuator incorporating a Terfenol-D rod. A schematic diagram of the actuator appears in figure 23. The 
actuator is made up of the Terfenol-D rod, surrounded by a coil for excitation or output, a permanent 
magnet to apply the magnetic bias, and a prestressing assembly. 

cap s c r e w  
t a l l  ma 

p o l e  p l e c  

+ 
e x c i t a t i o n  

ETAEIvlA Terfeno l-O 

perrr~ment tt~g 

c 

~r I ng 

a l r  

head rnas 

Figure 23. - Schematic diagram of magnetostrictive actuator. The actuator utilizes 
the magnetostdctive material ETREMA TerfenoI-D. 

To test the sensitivity of the actuator a "pencil test" was performed. The pencil test is a qualitative test 
commonly used in the AE field for testing of very sensitive transducers. A medium hardness (HB), 
0.5-mm-diameter pencil lead was extended about 0.25 in (6.4 ram) out of the pencil and placed in contact 
with the surface of the actuator at a 75 ° angle. A force was then applied perpendicular to the axis of the 
pencil lead, causing the lead to break. Care was taken so that the pencil did not strike the actuator after 
the lead broke. An oscilloscope trace of the resulting output for the actuator is shown in figure 24. 

Torque 

Torque and torque variation measurements were obtained using a combination of two optical triggers and 
a digitizing oscilloscope. The basic concept of the sensor has been described previously. Utilizing the 
basic equation 

8 = X'X, 
O'G 

the torque can be expressed as a function of the time shit~ between the passage of an upper and lower 
marker on the shaft, At, and the shaft speed, N, as below. 
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T =c z (N) ( A t )  + C  2 

The value of the constant C~ is a function of material properties and dimensions of the shaft. The second 
constant, C2, is also a function of material properties and dimensions of the shaft, and also accounts for 
any initial misalignment of the markers. A prototype electronic circuit has been developed to analyze the 
signals from the two optical sensors. This device gives an analog output of At. This information alone 
is not sufficient to compute torque. However, at constant speed, the torque is directly proportional to At. 
Thus, at constant speed, any variation in At can be taken as an indication of a variation of torque. 

,&p a w d ~ g  '~igg~ 
i" ~V m~tkecs 

=t--" ..................................................... ~:!:'J' ....... .... "--I~ ............................................... ...................... i'l" ~ ~ J. i ............................ i? vo-, 
• ..:i:, . ' 

i " . l e'- Vmar~t~ t 

: .4. I t i .-.I t ' -  ~ o ~ ' k ~  - -  

• :~~-;; .. ................................... :~:~o~;~-;'- . ................................ ~s-~~-;;-; . L l ~  ,} 
500 ~sldiv 

Vm~ 2 (1) 1S0.000 mV ~m~. 510.000 ~s 
Vmarker I [1) -103.12S mV staetmarker: 90.0000 ~L~ 

delta V [1) ~3.1~-5 mV delta t: 420.000 us 
I/delta t: 2.38095 kHz 

Figure 24. - Pencil test output from magnetostrictive actuator. 

Figure 25 shows the signals generated by the two optical triggers and the elapsed time At displayed on 
the oscilloscope. Figure 26 shows a narrow band analysis of the analog At output. The shaft does appear 
to oscillate in an angular vibration mode. Two dominant oscillations at 12.5 Hz and 31.75 Hz appear. 
Thus far in this research, use of this sensor for cavitation detection has been unsuccessful. 
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Figure 25. - To rque  sensor  t ime shift d i sp layed  on  the osc i l loscope.  
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Figure 26. - Nar row band  ana lys is  of ana log  At ou tpu t  f rom the to rque  sensor .  
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GRAND COULEE THIRD POWERPLANT - TURBINE MODEL TEST FACILITY 
COLORADO STATE UNIVERSITY - FORT COLLINS, COLORADO 

ENGINEERING RESEARCH CENTER - HYDROMACHINERY LABORATORY 

Last Revision: September 18, 1989 by T. L. Wahl 

FILLING MAIN LABORATORY PIPELINE 

Step 

I 

Item 

Check Rotovalve RV closed 

2 2" cooling water supply va'Ive closed 

3 Turbine bearing cooling water valve closed 

4 24" butterfly valve and 8" bypass valve on 
Dr. Sandborn's llne 

5 Activate ball valve control system (East wall) 
Red indicator lamp on 

6 Check 20" butterfly valve closed 

7 Check 12" butterfly bypass valve closed 

8 Close drain valves (2) on bottom of outside pipeline 

9 Walk to valve house outside of the lab and crack 
the ball valve open 

10 Venturi meter 1" drain valve 

11 Wait for a i r - re l ie f  valves near V1 and at t he  
bifurcation to stop discharging air 

12 Crack 20" butterfly valve and allow pipeline to 
f i l l  slowly to the Rotovalve 

13 Open vents on top of venturi (2) and just upstream 
of the Rotovalve (I) 

14 Close vent valves (3) opened in Step 10 once air 
has been vented from the pipeline 

15 Allow pipeline to pressurize completely, then open 
20" butterfly valve fu l l y  

16 Set ball valve to desired position for turbine 
operation 

Number Condition 

V35 Closed 
I 

V1 Closed 
I 

V6b Closed 

V6a 

Checked? 

Closed 

Activated 

Closed 

Closed 

Closed 

Cracked open 

Closed 

Pipeline air 
bled 

Cracked open 

Vents open 

Vents closed 

Fully open 
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Step 

1 

2 

8 

9 

I0 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

2 4  

25 

PRE-OPERATION INSPECTION 

Item Number Condition 

Main laboratory plpellne f l l l e d  Fi l led 

Open turbine bearing cooling water valve to obtain 
90 psl downstream of f i l t e r s ,  check pressure drop 
across f i l t e r s ,  then close valve. I f  pressure 
drop is excessive, replace ~F  Cuno water f i l t e r s  V6b 

I 

Otl mist lubricators a i r  supply valve VlO 
I 

Service a i r  compressor 
Qulck-Connect a l r  hose to o l i  mlet a l r  supply hose 
Check for  automatic operation and p > 100 psi 
Drain f i l t e r s  and check crankcase o l i  

I 
Open wooden gate to allow sump discharge into culverts 

I 
V isua l l y  check 18" bu t te r f l y  valve on discharge l ine Ful ly  open 

I 
Open ptezometer rings at bottom of penstock and 
toe of draft tube Open 

I 
Plug In and turn on three signal conditioners On 

I 
Thrust re l ie f  valve (on draft tube)' Open 

I 
Rotate turbine shaft by hand Free rotation 

I 
Air injection red valve Closed 

I 
Alr injection Valve V32 V32 Closed 

Tailwater Tank 

Gageline shutoff valve V3B Open 
I 

Pressure gage (G5) cock GSL Open 
I 

Pressure gage (GS) blowoff cock GSU Open 
I 

Pressure switch (G6 - TTPS) cock ~ G6L Open 
I I 

Pressure switch (G6 - TTPS) blowoff cock G6U Closed 
I I 

Compressed a i r  supply valve V16 Closed 
I I 

Compressed a i r  valve V18 Closed 
I I 

Compressed a i r  blowoff valve V17 Closed 
I I 

Sight gage upper valve G24U Open 
I I 

Sight gage lower valve G24L Open 
t I 

Tailwater tank drain valve V9 I Closed 

Valve Control Panels 
I I 

Rotovalve control ler panel (downstairs) ON/AUTO 
I 

Butterf ly valve controller panel (downstairs) ON 

Z~p s 20 pst 
G33 = _ _  
634 = 90 psi 

Closed 

Serviced 

Ful ly  open 

I 
Checked? 
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Step 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 
m 

40 

41 

42 

43 

44 

45 

46 
m 

47 

48 

49 

50 

Item Number Condition 

Head Tank 
I I 

Head tank drain valve V8 Closed 
I I 

Head tank gageltne shutoff valve V37 Open 
I I 

Pressure gage (G3) cock 63L Open 
I I 

Pressure gage (G3i blowoff cock "O3U Open 
1 I 

Pressure switch (G4 - HTPS) cock G4L Open 
I I 

Pressure switch (G4 - HTPS) blowoff cock G4U Closed 
I I 

High pressure a i r  blowoff V21 Closed 
I I 

High pressure a i r  valve V22 i Closed 
I I 

Hlgh pressure air valve V23 Closed 
I I 

High pressure air valve V25 Closed 
I I 

Slight gage valve (upper) G25U Open 
I i 

Slight gage valve (lower) G25L Open 
I I 

1-inch air vent shutoff valve V27 Open 
I I 

Oil Mist Systems 
I I 

Dynamometer lower bearing o i l  supply strainer drain Clean 
I 

Record dynamometer lower bearing o l l  supply reservoir 
level Fil led 

I 

Turbine bearing o i l  supply strainer drain Clean 
I 

Record turbine bearing o i l  supply reservoir level Fil led 
m 

Dynamometer upper bearing oi l  supply strainer drain Clean 
m 

Record dynamometer upper bearing o i l  supply reservoir 
level Fil led 

I 
Miscellaneous 

m 
Dynamometer cooling water tank drain valve V4O Closed 

I 

Dynamometer cooling water strainer drains (3) 

Instrument Booth 

Head gage bleed valve. Closed 
m i 

Tailwater gage bleed valve Closed 
m m 

Power supply circuit  breakers CI, CZ 
i m 

Dynamometer speed and current control potentiometers 

Checked? 

Cleaned 
l l  

Open c i r cu i t  

Zeroed 
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GRAND COULEE THIRD POWERPLANT - TURBINE MODEL TEST FACILITY 
COLORADO STATE UNIVERSITY - FORT COLLINS, COLORADO 

ENGINEERING RESEARCH CENTER - HYDROMACHINERY LABORATORY 

SETUP FOR OPERATION 

Step Item 

PRE-OPERATION INSPECTION 

I Call Jerry Davis at ERC shop to have main lab guard 
valve opened 

Instrument Booth Operations 

2 Scroll case inlet pressure transducer 

3 Tailwater pressure transducer 

4 Venturi differential pressure measurement system 

5 Venturl pressure transducer 

6 Power supply circui t  breaker 

7 Dynamometer torque indicator switch 

8 Dynamometer torque indicator power switch 

g Dynamometer speed counter switch 

10 

11 

12 

13 

AC LINE ON white l ight 
EMERGENCY WATER ON red l ight 
UPPER BEARING OIL PRESSURE LOW light 
LOWER BEARING OIL PRESSURE LOW light 
TURBINE OIL PRESSURE LOW light 
BEARING WATER PRESSURE LOW light 

,Al l  other panel control lights 

Check and adjust torque indicator using 50 Ib weights 

Valve Control Panel 

Butterf ly valve BV 
BV OPEN red l ight 
BV CLOSED amber l ight 

Audible alarm bell switch 
BELL RINGS: I. Head tank overpressure (185 psi) 

2. Tail tank overpressure (20 psi) 
3. Butterfly valve 90% closed 
4. Dynamometer cooling water supply 

fai lure (p < 11 psi upstream of 
n~dulatlng valve) 

5. Turbine overspeed circuit  activates 

Number 

C-I 

Condition 

Completed 

Checked? 

Calibrate 

Calibrate 

Bleed and 
Pressurize 

Calibrate 

Closed 

Run 

Power 

On 

On 
On 
On 
On 
On 
On 
Off 

Adjusted 

Fully open 
On 
Off 

On 
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14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

Rode1 Turbine Area 

Set wicket gates to desired pos i t ion 

Turbine carbon bearing doo]ing water - open to 
90 - 95 psi downstream of f i l t e r s  

Record pressures on G33 and G34 

2" dynamometer cool ing water supply valve 

Bearing water drain tube at turbine 

Water discharge to sump/tatlrace 

Record dynamometer water supply pressure 

Record bearing water pressure switch gage 

0 t l  Mist Systems 

0 t l  mist system compressed a i r  supply valve 

Adjust regulators on ot1 mist units to obtain v ts tb le  
f low of mist from discharge tubes. Oi l  mist pressure 
fo r  a l l  three units should be in the range of 24 - 26 
inches of the water. 

Record a i r  supply and o i l  mist pressures for  each uni t  

Check a l l  mist exhaust tubes (3) 

V6b 

V1 

G12 

G35 

VlO 

Set 

Open 

Open 

Flow 

Audtble 

17 psi minimum 

55 psi minimum 

Open 
o 

Adjusted 

V is ib le  mist 
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START OPERATION 

Step 

i 

Item 

SETUP FOR OPERATION checklist 

Dynamometer thermocouple temperatures (about S5"F) 

Number Condition Checked? 

Completed 

No. 1 
No..3 

3 AC LINE ON white l ight On 

Heavy 

On 
Off 

4 Dynamometer LIGHT/HEAVY load selector 

Dynamometer coollng water pump - 
push PUMP MOTOR ON button 
PUMP MOTOR ON red l ight 
EMERGENCY WATER ON red l ight 

Butterfly valve BV 
BV OPEN red l ight 
BV CLOSED amber l ight 

Fully open 
On 
O f f  

7 Rotovalve power supply circuit  breaker C-2 Closed 

Rotovalve RV - Check gage on Valve Control Panel (0") 
RV CLOSED amber l ight 
RV OPEN red l ight 

Fully Closed 
On 
Off 

9 D y n ~ t e r  SPEED CONTROL Setting 300 units 

O 

0 

500 

I0 Dynamometer CURRENT CONTROL setting 

I I  

12 

Set torque indicator zero 

Caiibrate torque readout with "Cal" button on panel 

Record turbine operation starting time in daily log 
entry 

Open Rotovalve in small increments to adjust turbine 
speed to 500 rpm. Allow time for flow through system. 
RV OPEN red l ight 
RV CLOSED green l ight 

When speed reaches 500 rpm, press EXCITATION ON 
pushbutton 
EXCITATION ON red l ight 

Slowly increase exci tat ionto 5% (with current control 
dlal) and open Rotovalve to maintain not less than 
1000 rpm. Adjust speed control as required 

Check speed calibration and change calibration factor 
as required 

Adjust butterfly valve for i n i t i a l  tailwater condition 

Bleed transducers 

13 
Recorded 

14 
500 rpm 
Comes on 
Remains on 

IS 

16 

On 
On 

Completed 

Calibrated 

Adjusted 

Completed 

17 

18 

19 

On completion of the above, the fac i l i t y  w i l l  be in operation. Operate Rotovalve, butterf ly valve, 
speed and/or current controls as required to establish test conditions. OPERATOR AND BYPASS VALVE 
CONTROLLERS WILL REMAIN IN ATTENDANCE TO COMPLETE EMERGENCY SHUTDOWN, IF REQUIRED. 
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SHUTDOWN PROCEDURE 

Step Item Number 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

Instrument Booth Operations 
m 

Close Rotovalve slowly V35 
RV CLOSED green l ight 
RV OPEN red l ight 

Brake to about 500 rpm with speed control 

When speed decreases to 500 rpm, push EXCITATION OFF 
pushbutton 
EXCITATION ON red l ight 

Shut off dynamometer cooling water pump 
EMERGENCY WATER ON red light 

m 
18-1nch butterfly valve V36 
BV OPEN red l ight 
BV CLOSED green light 

m 
Speed counter switch 

I 

Dynamometer torque indicator switch 
m 

Dynamometer torque indicator power switch 
m 

Power supply c i rcui t  breakers I CI, C2 
i 

Record time of turbine shutdown and make operating 
log entry for day's operation 

Turbine Area 

Compressed air supply valve VIO 
I 

2-inch dynamometer cooling water supply valve VI 
m 

Turbine bearing lubrication water VBb 
l 

20" butterfly valve (downstream of bifurcation) 
m 

Close sump discharge gate 
I 

Tailwater tank drain valve V9 
= 

Head tank drain valve V8 
I 

Penstock and.scroll case draln cock 
! 

Relieve pressure in inlet pipe using venturi blowoff 
cocks 

m 
Walk to valve house and close bal l  valve 

I 

Deactivate bal l  valve control system (East wal l)  
Red indicator l igh t  

Call ERC shop to close main lab guard valve 

Open drain va'Ives on outside pipeline 
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Condition Checked? 

Ful ly  closed 
On 
Off 

500 rpm 

Off 

Off 
On 

Ful ly  open 
On 
Off 

Off 

Standby 

Off 

Open 

Closed 

Closed 

Closed 

Closed 

Ful ly  closed 

Open 

Open 

Open 

Closed 

Off 

Drains open 



APPENDIX B 

Emergency Procedures for Turbine Test Facility 
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E M E R G E N C Y  P R O C E D U R E S  FOR TURBINE T E S T  FACILITY 

"rile general emergency procedure for the test facility is to stop the flow through the turbine model as 
quickly as possible and to then remove power from all circuits. T h i s  must be done either thro.ugh 
operation of the Rotovalve or the emergency, bypass. 

Power Outages 

Complete loss of power. - In the event of a total power outage, excitation will be removed from the 
dynamometer, allowing the turbine to reach nmaway speed. In order to prevent runaway and damage to 
the turbine model and test facility, the emergency bypass must be opened immediately. Do not attempt 
to manually close the Rotovalve. During turbine runaway, the area around the turbine model may be very 
dangerous due to flying debris, o 

If two persons are available to operate the emergency bypass, then one person should open the 10-in 
• butterfly bypass valve while the second person closes the 20-in b u t t e r y  shutoff valve. This operation 

should be completed as quickly as possible. If only one person is available the 10-in bypass should be 
opened fully, then the 20-in butterfly should be closed fully. 

Once the 20-in butterfly valve is fully closed, then the 10-in bypass should be closed. This should be 
done slowly to prevent water hammer. Also, as an added precaution, the Rotovalve may be closed 
manually once the turbine has coasted to a stop. The ball valve outside the laboratory can not be closed 
until electric power is restored. If power is still available at the main lab, the guard valve at the main lab 
should be closed. 

Once shutdown has been completed, circuit breaker C1 should be set to the open circuit position. This 
will prevent excitation from being reapplied to the dynamometer when power is restored. Also, the next 
time that circuit C1 is closed, the operator should be prepared to immediately press the EXCITATION 
OFF button, to prevent buming up the excitation circuit; 

Loss of power to dynamometer circuit only. - I f  power is lost on the dynamometer circuit C1 only, the 
turbine will begin to overspeed. Because the overspeed shutdown circuit is powered from C1, it will be 
inoperative and the turbine will reach runaway speed. The Rotovalve should be closed from the valve 
control panel in the control room as quickly as possible. Also, the emergency bypass should be opened 
simultaneously by a second person to dissipate water hammer. Again, circuit C1 should be opened at the 
breaker, in case power is restored after the dynamometer has stopped turning. 

Loss of power to Rotovalve circuit only.. Loss of power to the Rotovalve circuit C2 will require that 
the Rotovalve be closed manually. Control may still be exercised over the turbine. The operator should 
remain in the control room to apply braking power to the turbine as the Rotovalve is manually closed. 

Tripping of C1 or C2 circuit breakers. - Tripping of the C1 Circuit breaker will produce the same effect 
as the loss of power to the dynamometer circuit. In order to restore power to the C1 circuit, the operator 
should immediately attempt to reset the C1 breaker. If the reset attempt is not successful, this should be 
treated as a power outage using the appropriate procedure above. Tripping of the C2 circuit breaker is 
not normally a serious problem, unless the Rot0valve is currently being closed as part of an emergency 
shutdown. 
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Removal of Dynamometer Excitation by the Protective Circuit 

The protective circuitry of the dynamometer will remove excitation from the dynamometer if either of the 
following conditions occur. 

1. Cooling water temperature at the manifold on the exit side of the dynamometer exceeds 165 °F. 

2. Cooling water pressure measured by pressure switch G34 0ocated at the manifold on the inlet 
side of the dynamometer) detects low pressure in cooling water supply line. This switch is set to 
open on falling pressure of 20 lb/in 2 and close on rising pressure of 21 lb/in 2. 

This will cause the unit to overspeed, eventually, triggering the overspeed circuit which will close the 
Rotovalve. If the overspeed circuit is not functioning properly, these situations can lead to turbine 
runaway and should be handled using the procedures above for a power outage on the dynamometer 
circuit. 

Low Carbon Bearing Cooling Water Pressure 

The pressure switch (BWPS) for the carbon bearing cooling water supply is located to the left of the oil 
mist units. When pressure drops too low the switch will open making it impossible to further open the 
Rotovalve from the control room. The BEARING WATER LOW PRESSURE light will come on in the 
control room. The BWPS pressure can be low for a variety of reasons. 

If the BWPS light comes on during startup of the unit, it is an indication that an upstream valve has not 
yet been opened fully. In  this case the unit should be shut down by closing the Rotovalve, and the 
problem then corrected. 

The BWPS light may also come on due to falling static head from Horsetooth Reservoir. In this case the 
pressure indicated on the BWPS gauge will be just slightly below the switch setting. If sufficient water 
flow is still being maintained through the carbon sleeve bearing, then the pressure switch can be manually 
adjusted downward to allow for operation at the lower reservoir level. The switch is currently (September 
1989) set to trip at about 55 lb/in 2. 

The last possible cause of pressure loss at BWPS is plugging of the AMF Cuno filters. This can be a 
serious problem if flow through the carbon sleeve bearing is greatly diminished and would require that 
the unit be immediately shut down from the c~ontrol room. A plugged filter will be indicated by a large 
pressure drop across the filter. 

A general procedure for handling problems with the BWPS light is as follows. Any time the BWPS light 
comes on, the operator should immediately check the reading on the BWPS gauge and observe the flow 
through the sleeve bearing. If the pressure is very low or the flow greatly diminished, the unit should be 
shut down immediately. 

Low 011 Mist Pressure 

Oil mist pressure lights are located on the dynamometer control console. If only one light comes on, the 
operator should immediately check the gauge readings on the oil mist unit in question. A very low 
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reading on the oil mist pressure (less than 15 in of water) calls for immediate shut down of the unit, 
before the bearing is damaged. 

If more than one oil mist pressure light comes on simultaneously, it is an indication of a faLiure in the air 
supply system. The facility should be shut down immediately. 

Low OII Mist Levels 

If any of the three oil mist reservoirs becomes low the respective oil level light in the control room will 
be lit. Oil must be added to the reservoir immediately to ensure proper bearing lubrication. 

Excessive Heating 

Dynamometer Inductor ring. - Continued heating of the dynamometer inductor ring at constant load 
indicates scale buildup in the dynamometer. This is not an emergency situation unless the cooling water 
temperatures are also becoming extreme. The unit should be shut down and the dynamometer descaled 
according to instructions in the Dynamatic manual. 

Dynamometer cooling water. - The temperature of the cooling water exiting the dynamometer is 
monitored by a temperature switch, G15, and two thermocouples, one T-type monitored by the HP85, and 
a J-type monitored on the control console. When the cooling water temperature exceeds 130 °F the 
cooling capacity of the system can not increase further, and the cooling water temperature will probably 

continue to increase. At 165 °F dynamometer excitation will be removed~ and the turbine will overspeed, 
causing automatic closure of the Rotovalve. To prevent this sudden shutdown of the unit, the cooling 
water temperature should be monitored closely. Any time the temperature exceeds 130 °F, the unit should 
be shut down. 

Alarm Bell 

Each of the following conditions will cause the audible alarm bell to sound in the control room. 

1. Pressure less than 11 lb/in 2 at pressure switch G13. Switch G13 is located just upstream of the 
temperature controlled modulating valve. Inadequate pressure at G13 should be considered an early 
waming of a serious problem in the cooling water circuit. An immediate shutdown of the facility 
should be performed from the control room. 

2. Butterfly valve 90 percent closed. Immediately open the butterfly valve. Note: A pressure 
indication of more than about 14 ft of water on the tailwater gauge located in the control room 
indicates that water is being discharged through the top of the standpipe. 

3. Head tank overpressure (185 lb/in 2 = 427 ft of water) 

4. Tailwater tank overpressure (20 lb/in 2 = 46.2 ft of water) 

5. Activation of the overspeed circuit. If the turbine speed exceeds 3,350 r/min, the overspeed 
circuit will automatically begin closure of the Rotovalve. When the turbine speed drops to 
2,300 r/min, closure of the Rotovalve will be stopped. Under low loads, such as a No Load Test, 
the Rotovalve will be completely closed before the turbine coasts down to 2,300 r/min. 
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Electrical Problems or Fire 

Any electrical problems' in the console or valve control panel call for an immediate shutdown of the 
facility: The potential for fire associated with electrical problems requires that the shutdown be performed 
as quickly as possible, in case a fire should cause loss of control of the dynamometer or Rotovalve. 
Assuming control of the dynamometer and Rotovalve are still available, the shutdown can be performed 
from the control room. 
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APPENDIX C 

Cooling System Operation 
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INTRODUCTION 

On April 14, 1989, tests were conducted to evaluate turbine operation at high load, check operation of 
cooling water systems and verify structural stability in rough operating zones. During the run, 
temperatures indicated on thermocouple meter G10 on the dynamometer control console reached about 
130 ° F. This temperature seemed much too high, given the light load on the turbine of about 150 hp. 
Also, a note at the bottom of the LOAD TEST RECORD data sheet indicated that no temperature should 
exceed 120 ° F. To check operation of the temperature modulation valve V5, the stem position of the 
valve was checked just before shutdown and again after shutdown. The valve did not appear to have 
moved significantly. 

To more accurately check the operation of V5, the temperature probe for the valve was removed from the 
dynamometer return water circuit. The probe was alternately placed in hot water (about 125 °F) and cold 
tap.water. A stem movement of about 5/32 in was measured. This appeared to be consistent with the 
manufacturer's literature for the valve, and the probe was reinstalled. 

In subsequent weeks the turbine was run at loads up to 200 hp. During these runs the maximum 
temperature indicated on meter G10 was 130 °F. By this time, the data acquisition system was up and 
running. One function of the program was to monitor a T-type thermocouple just recently installed at the 
dynamometer cooling water discharge manifold. This thermocouple had been installed in an existing 
probe on the discharge manifold. This probe had originally been a J-type thermocouple but was damaged 
in shipment. During runs in which 130 °F was indicated by G10, the T-type thermocouple never indicated 
higher than 95 °F. 

On July 10 an attempt was made to reach a very low sigma value by operating at heads up to 180 feet. 
During this run, the turbine output reached 227 hp. The highest temperature indicated on G10 was 
135 °F, while the T-type thermocouple reached only 94°F. Also, during this run, a mercury thermometer 
was used to measure the temperature of the cooling water discharged to the sump. This temperature was 
81 °F. 

At this point, it was determined that there were problems with the cooling system or problems with our 
understanding of its operation. In either case, the problems were limiting the ability to carry out testing 
at low sigma Values. An investigation of the cooling water system operation and the associated monitoring 
equipment was undertaken. 

GENERAL OPERATION 

Flow is started through the cooling system by opening 2-in supply valve V1. Solenoid valves V2 and V3 
are initially open and closed, respectively (see Reclamation drawings 1222-D-1536 and 1222-D-1537). 
Flow is through V2, through the dynamometer water jacket and back to the dynamometer cooling water 
recirculating tank. This tank then overflows and dumps into the sump. This circuit serves as the 
emergency cooling circuit in case of failure of the cooling water pump. 

The normal recirculation system is energized by pushing the PUMP MOTOR ON button on the 
dynamometer control console. When this button is pushed V3 opens and V2 closes. Water flow is now 
through V3. Water then flows through constant flow valve V4 (7 gal/min) and into the cooling water 
tank, where it mixes with warm water returning from the dynamometer. The pump delivers water from 

49 



this tank, through the dynamometer, and back to the tank. Seven gal/min will overflow the weir inside 
the tank and be discharged to the sump. 

As load on the dynamometer is increased, the cooling water temperature will increase. This temperature 
is monitored by a T-type thermocouple located on the dynamometer cooling water discharge manifold 
(Dynamatic C-62497, D-62388, 15-177-9D), a temperature switch, G15 (USBR 1222-D-2404, 2405) 
located on the same manifold, and an inert gas temperature probe located on the 4-inch cooling water 
retum line. The T-type thermocoup'le is monitored by the data acquisition system. Temperature switch 
G15 controls the dynamometer excitation circuit. The inert gas probe controls the modulating valve V5, 
which is in parallel with the 7-gal/min constant flow valve, V4. When the temperature reaches 90 °F, the 
modulating valve V5 begins to open, allowing additional cold water to enter the cooling water tank. 
When the temperature at the probe reaches 130 °F, the modulating valve will be fully open. At this point, 
the maximum cooling capacity has been reached. If the temperature in the circuit should continue to rise, 
temperature switch G15 will open at 165 °F, removing excitation from the dynamometer and allowing the 
turbine to overspeed. 

In addition to the three monitoring points along the dynamometer cooling water discharge line, three J-type 
thermocouples are installed inside the dynamometer on the inductor ring. These thermocouples are 
monitored by meter G10 on the dynamometer control console (see DOC, August 1974, pp. 17-19). 
Thermocouples 1 and 3 are connected to the selector switch just left of G10. Thermocouple 2 is 
inoperative. These are the thermocouples that were being monitored on April 14, 1989. TheY are only 
monitors and do not affect the excitation circuit in any way. The Dynamatic manual states that if the 
inductor ring temperature increases under constant load, then there is a problem with scale buildup in the 
cooling passages. However, no guidelines for normal or maximum operating temperatures are given. 

CONCLUSIONS 

1. The modulating valve V5 works properly, as does the rest of the dynamometer cooling system. The 
• reason that movement of the modulating valve could not be detected is that the valve was only slightly 

open, with a dynamometer cooling water discharge temperature of about 95 °F. 

2. Temperatures of 120 to 150 °F are not abnormal for the inductor ring unless there appears to be a 
continuous temperature increase at constant load. During recent runs at loads up to 290 hp (near the upper 
limit of capacity during the summer of 1989 due tO drawdown of Horsetooth Reservoir), inductor ring 
temperatures of  145 °F have been noted, but at no time has the cooling water discharge temperature 
exceeded 96 °F. 

3. The inductor ring temperature is only an indication of the scale buildup within the dynamometer 
cooling passages. . 

4. The temperature monitored by tempe, rature switch G15 and the T-type thermocouple is the indicator 
of proper cooling system operation. This is the critical temperature for maintaining excitation current to 
the dynamometer. 

5. The 120 °F limit referred to on the LOAD TEST RECORD data Sheet should only apply to the 
dynamometer cooling water discharge temperature, not the inductor ring temperatures. 
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6. To improve the monitoring of cooling water temperatures, several changes were made following this 
investigation: (1) All thermocouple meters were labeled according to sensor locations and the control 
functions of those sensors; (2) A J-type thermocouple was installed in the dynamometer cooling water 
discharge manifold and connected to meter G11. This was the original configuration for monitoring the 
cooling water temperature, but was poorly documented in the Dynamatic and USBR schematics; and 
(3) the data acquisition program was modified to give a warning alarm when cooling water temperature 
exceeds 120 °F. 
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APPENDIX D 

Pressure Switches and Controls 
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HTPS - G4 - Head Tank pressure Switch 

Drawtnas 

USBR 1222-D-1536, 1537, 2402, 2404, 2405 

Location 

Face of gage panel at side of head tank. 

Function 

1. Prevent excessive pressure tn head tank (design pressure 250 psi) 
2. Actuate alarm bel l  at high pressure l im i t  of head tank 

Operation 

The pressure swltchmonitors head tank pressure. Pressure is controlled by th ro t t l ing  Rotovalve (V35). I f  the 
setting of the Rotovalve allows the tank pressure to exceed 185 psi, one set of contacts opens the Rotovalve 
OPEN c i rcu i t ,  preventing further increases in pressure, and the second set of contacts closes,'actuating the 
alarm bell  on the valve control panel in the control room. Pressure In tank is also monitored by gage 63 on 
the head tank gage panel and gage GI on the control room valve control panel. 

Setting 
1. Rotovalve OPEN c i rcu i t  

Increasing pressure 
O to 185 psi - CLOSED 
185 psl and higher - OPEN 

Decreasing pressure 
160 psl and higher - OPEN 
O to 160 psl - CLOSED 

2. Alarm c i rcu i t  
Increasing pressure 

O to 185 Rsi - OPEN 
185 psi and higher - CLOSED 

Decreasing pressure 
160 psi and higher - CLOSED 
O to 160 psi - OPEN 

TTPS - 66 - Ta i lwa te r  Tank pressure Switch 

Drawtn~s 

USBR 1222-D-1536, 1537, 2403, 2404, 2405 

Locatlon 

Face of gage panel at side of tai lwater tank. 

Functio~ 

I.  Prevent excessive pressure in tai lwater tank (design pressure 50 psi) 
2. Actuate alarm bell  at high pressure l im i t  of tai lwater tank 

Operation 

The pressure switch monitors tai lwater tank pressure. Pressure is adjusted by th ro t t l ing  of the 18 inch 
but ter f ly  valve (V36). I f  the setting of the valve allows the tank pressure to exceed 20 psi (46.2 feet of 
water), one set of contacts opens the but ter f ly  valve CLOSE c i rcu i t ,  preventing further increases in pressure, 
and the second set of contacts closes, actuating the alarm bell  on the valve control panel in the control room. 
Pressure in tank is also monltored by gage 65 on the tai lwater tank gage panel and gage 62 on the control room 
valve control panel. 

Settlna 

1. Butterf ly valve CLOSE c i rcu i t  
Increasing pressure 

O to 20 psi - CLOSED 
20 psi and higher - OPEN 

Decreasing pressure 
15 psi and higher - OPEN 
0 to 15 psi - CLOSED 

2. Alarm c i rcu i t  
Increasing pressure 

0 to 20 psi - OPEN 
20 psi and higher - CLOSED 

Decreasing pressure 
15 psi and higher - CLOSED 
0 to 15 psi - OPEN 
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G13 - Cool lng Water Supply Pressure Switch 

Drawin_~.q_~ 

USBR 1222-D-1537, 2404, 2405 
Dynamatic EC-19085,D-62388 
United E lec t r i c  Controls J41 

Location 

On electr ical Junction box on pump side (south) of recirculating system water tank. 

Function 

Actuate alarm bell when low pressure is detected in water supply for dynamometer cooling water recirculation 
system. 

Operation 

Water is supplied to the dynamometer cooling system from the 2 inch line coming of f  of 24 inch line running 
parallel to turbine test fac i l i t y .  The 2 inch line is controlled by valve VI. The pressure switch monitors 
the pressure of this water supply. I f  pressure is 11 psi or lower, contacts close and actuate alarm bell in 
control room. Pressure at G13 is also monitored by gage G12 located on recirculation system piping downstream 
of cooling water pump. 

Settin_q 

Alarm 
Increasing pressure 

O to 12 psi - CLOSED 
11 psi and higher ~ OPEN 

Decreasing pressure 
11 psi and higher - OPEN 
0 to 11 psi - CLOSED 

G14 - Reclrculatlon Pump Discharqe Pressure Switch 

Drawlnqs 

USBR 1222-DT1537, 2404, 2405 
Dynamatic EC-19085, D-62388 
United Electric Controls J41 

Location 

On electr ical Junction box on pump side (south) of recirculating system water tank. 

Function 

1. Prevent dynamometer overheating resulting from fai lure of water supply from recirculating system pump. 
2. Actuate EMERGENCY WATER ON signal l ight at fa i lure of pump discharge pressu.re. 

Operation 

Water is recirculated by the cooling water pump from the tank, through the dynamometer cooling passages and back 
to the cooling water tank. The pressure switchmonitors the pump discharge pressure. Pressure at G14 is also 
monitored by gage G12 located on recirculation system piping downstream of cooling water pump. 

1. I f  pressure is 28 psi or lower, the f i r s t  set of contacts Opens, permitting the normally open emergency 
water supply solenoid valve V2 to open, preventing fai lure of water supply to the dynamometer, and opening 
the Rotovalve OPEN circui t  through relay PLP. Also, normally closed solenoid valve V3 is closed. 

2 .  The second set of contacts closes at 28 psi or lower to l ight the red EMERGENCY WATER ON light at the 
dynamometer control console. 

I) Solenoid valve/Rotovalve control 
Increasing pressure 

O to 29 psi - OPEN 
29 psi and higher - CLOSED 

Decreasing pressure 
28 psi and higher - CLOSED 
O to 160 psi - OPEN 

2) Alarm circuit 
Increasing pressure 

O to 185 psi - OPEN 
185 psi and higher - CLOSED 

Decreasing pressure 
160 psi and higher - CLOSED 
0 to 28 psi - OPEN 
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6 1 5  - Dynamometer Discharge Temperal;ure Switch 

USBR 1222-D-1537, 2404, 2405 
Dynamatic C-62497, C-62391, C-62392, 15-177-9D 

L~atlon 

In small terminal box located on dynamometer cooling water discharge manifold. 

Functlon 

Prevent excessive temperature in dynamometer due to inadequate cooling capacity. 

Operat I on 

The temperature switch monitors the temperature of cooling water discharged from the cooling passages of the 
dynamometer. This temperature is also monitored by a T-type thermocouple connected to the HP85 computer and 
a J-type thermocouple" connected to mater 611 (Dynamatlc Drawing 15-177-9D) on the dynamometer control console. 
The switch Is normally closed. I f  the temperature exceeds 165"F the switch opens, removing excitation from the 
dynamometer. This w l l l  cause the unit to overspeed, and the overspeed relay c i rcui t  w l l l  in i t ia te  automatic 
emergency closure of the Rotovalve at a speed of 3350 rpm. 

Settincl 

Dynamonw.=ter excitation circui t  
Increasing temperature 

0 to IB5"F - CLOSED 
165"F and higher - OPEN 

OversDeed Relay 

USBR 1222-D-2402, 2405 
Dynamatic C-62391 

Location o 

Bottom compartment of dynamometer control console. 

Functlon 

Prevent runaway of model turbine. 

Operatlon 

The overspeed relay recelves a speed signal from a pulse tachometer located just above the upper dynamometer 
trunnion bearing. I f  the speed exceeds 3350 rpm the relay closes, i n i t i a t i n g  automatic emergency closure of 
the Rotovalve, and act ivat ing the alarm bel l  on the valve control panel in the control room. The overspeed 
c i r cu i t  can be adjusted using the potentlometer located on the uni t .  The potentiometers are current ly  set for 
a speed setting of 30 and an acceleration setting of 47. 

Settinq 

Rotovalve CLOSE circui t  and alarm bell c i rcui t  
0 to 3350 rpm - OPEN 
3350 rpm and higher - CLOSED 
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G;L8u - Upper D~qlamometer 011 Misl; pressure Switch 

p _ ~  

USBR 1222-D-1537, 2404, 2405 
Dynamatic EC-19085, B-62394 

Locatlon 

On electr ical  junction box on downstream side of dynamometer. 

Function 

Prevent fa i lure of upper dynamometer precision bearing (rotor bearing) due to insuff icient lubrication o i l  mist 
pressure 

Operation 

Compressed a i r  is suppl iedto the o i l  mist unit where i ts pressure Is reduced to about 35 psi. This a i r  then 
passes through a venturi, picking up o l l  from the reservoir. The o i l  mist then passes throu~hthe supply lines 
to the upper dynamometer precision bearing. I f  the mist pressure is 10 in. of water or lower, contacts close 
and l ight  the amber UPPER BEARING OIL PRESSURE LOW l ight on the dynamometer control panel. The mist pressure 
is also monitored by gage G17u mounted on the o l l  mist unit. 

Sett_~ 

UPPER BEARING OIL PRESSURE LOW l ight 
Increasing pressure 

O to 10 in. water - CLOSED 
10 in. water and higher - OPEN 

Decreasing pressure 
10 in. water and higher - OPEN 
O to 10.in. water - CLOSED 

G181 --Lower D~ynamometer Oil Mist Pressure Switch 

D raw I nc/s • 
r 

USBR 1222-D-1537, 2404, 2405 
Dynamatic EC-19085, B-62394 

Locatlon 

On lower dynamometer o i l  mist lubrication unit. 

Funct i on 

Prevent fa i lure of lower dynamometer precision bearing (rotor bearing) due to insuff icient lubrication o i l  mist 
pressure 

Operat I on 

Compressed a i r  is supplied to the o l l  mist unit where i ts pressure is reduced to about 20 psi. This a i r  then 
passes through a venturl, picking up o i l  from the reservoir. The o i l  mist then passes through the supply lines 
to the lower dynamometer precision bearing. I f  the mist pressure Is 10 in. of water or lower, contacts close 
and l ight the amber LOWER BEARING OIL PRESSURE LOW l ight on the dynamometer control panel. The mist pressure 
is also monitored by gage G171 mounted on the o i l  mist unit. 

Settinq 
LOWER BEARING OIL PRESSURE LOW l ight 

Increasing pressure 
0 to 10 in. water - CLOSED. 
10 in. water and higher - OPEN 

Decreasing pressure 
10 in. water and higher - OPEN 
0 to 10 in. water - CLOSED 
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G19u - Upper Dynamometer 011 Mist Level Switch 

USBR 1222-D-1537, 2404, 2405 
Dynamatlc EC-19085, B-62394 

Location 

Upper dynamemeter oil mist unit. 

u n [ ~  

Prevent fa t lure of upper dynamometer precision bearing (rotor bearing) due to lack of o i l  in o i l  mist unit 
reservoir. 

Op@ration 

The level switch monitors the level of oil mist in the reservoir. If the level in the reservoir gets too low 
the switch will close, lighting the UPPER OIL MIST LEVEL LOW light on the dynamometer console. The level at 
which the switch closes has not been tested, although it has been verified that the switch is closed when the 
reservoir is empty. 

G191 - Lower D~ynamometer Oil Mist level Switch 

USBR 1222-D-1537, 2404, 2405 
Dynamatic EC-19085, B-62394 

Location 

Lower dynamometer o t l  mist unit. 
( 

Functio n 

Prevent fa i lu re  of lower dynamometer precision bearing (rotor bearing} due to lack of o i l  in o i l  mist unit 
reservoir. 

Operation 

The level switch monitors the level of o i l  mist in the reservoir. I f  the level in the reservoir gets too low 
the switch wi l l  close, lighting the LOWER OIL MIST LEVEL LOW light on the dynamometer console. The level at 
which the switch closes has not been tested, although i t  has been verified that the switch is closed when the 
reservoir is empty. 
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622 - Turbine Oil Mist pressure Switch 

USBR 1222-D-1537, 2404, 2405 
Dynamatic EC-19085, B-B2394 

On turbine o i l  mist lubrication unit. 

Function 

Prevent fai lure of turbine precision bearing due to insufficient lubrication o i l  mist pressure 

Operation 

Compressed air is supplied to the oi l  mist unit where its pressure is reduced to about 40 psi. This air  then 
passes through a venturi, picking up o i l  from the reservoir. The o i l  mist then passes through the supply lines 
to the turbine precision bearing. I f  the mist pressure is 20 in. of water or lower, contacts close and light 
the amber TURBINE BEARING OIL PRESSURE LOW light on the dynamometer control panel. The mist pressure is also 
monitored by gage G21 mounted on the oi l  mist unit. 

Sett_~ 

LOWER BEARING OIL PRESSURE LOW light 
Increasing pressure 

0 to 20 in. water - CLOSED 
20 In. water and higher - OPEN 

Decreasing pressure 
20 in. water and higher - OPEN 
0 to 20 in. water -CLOSED 

G23 -Turbtne Otl Mtst Leve] switch 

USBR 1222-0-1537, 2404, 2405 
Dynamatic EC-19085, B-B2394 

Turbine oi l  mist unit. 

Functio~ 

Prevent failure of turbine precision bearing due to lack of o i l  in o i l  mist unit reservoir. 

Operation 

The level switch monitors the level of o i l  mist in the reservoir. I f  the level in the reservoir gets too low 
the switch wi l l  close, lighting the TURBINE OIL MIST LEVEL LOW light on the dynamometer console. The level at 
which the switch closes has not been tested, although i t  has been verified that the switch is closed when the 
reservoir is empty. 
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G34 - Dynamometer In le t  Hanlfold Pressure Switch 

USBR 1222-D-1537, 2404, 2405 
Dynematlc EC-19085, C-62497 
United Electr ic  Controls J41 

Locatlon 

On electr ical Junction box on downstream side of dynamometer. 

Prevent dynamometer overheating resulting from fai lure of water supply from recirculating and emergency systems. 

Operation 

Water Is passed through the dynamometer passages by the recirculation pump from the cooling water tank or by 
the emergency straight through system relying on water pressure available from the 24 inch llne running parallel 
to the test fac i l i t y .  The pressure switch monitors the pressure at the dynamometer inlet manifold. I f  this 
pressure is 20 psi or lower, then both the reclrculating and emergency systems have failed~ Contacts open, 
opening the dynamometer excitation circuit .  Thls causes the unit to overspeed, and at 3350 rpm the overspeed 
relay w l l l  in i t ia te  automatic emergency closure of the Rotovalve. 

Dynamometer excitation circui t  
Increasing pressure 

O to 21 psi - OPEN 
21 psi and higher - CLOSED 

Decreasing pressure 
20 psi and higher - CLOSED 
O to 20 psi - OPEN 

635 - Bearing Water Pressure Switch 

DrawlnQs 

USBR 1222-D-1537, 2404 (Shown as annotations on later versions of these drawings. 
versions. ) 

Locat ion 

Not indicated on earl ier 

Left of o l l  mlst lubrication units, on balcony overlooking penstock and dynamometer. 

Function 

Prevent fa i lure of turbine carbon sleeve bearing due to insufficient cooling water pressure. 

Operation 

Water is supplied to the carbon sleeve bearing by 3/8-inch copper tubing leading from the 24 inch line parallel 
to the test fac i l i t y .  This water is f i l tered before reaching the carbon sleeve bearing. The pressure switch 
monitors the pressure in this line approximately 5 feet upstream of the bearing. At Estes Powerplant this 
switch was set to operate at 85 psi. Due to the lower heads available at the Hydromachinery Lab, this switch 
was reset to 57 psi on 4/19/89 during a site v is i t  by Tom Isbester and Brent Mefford. Since that time, lowering 
of Horsetooth Reservoir has required that this switch be readjusted to operate at about 55 psi. The water flow 
through the carbon sleeve bearing is s t i l l  about 2 gpm. 
When the pressure fa l l s  below 55 psi the f i r s t  set of contacts (circuit  CI, RED, PURPLE, BLUE) opens, opening 
the Rotovalve OPEN circui t .  The second set of contacts (circuit C2, BROWN, YELLOW, ORANGE) closes, activating 
the amber BEARING WATER LOW PRESSURE l ight.  

Sett~na 

I) Rotovalve OPEN circui t  
Increasing pressure 

O to 60 psi - OPEN 
60 psi and higher - CLOSED 

Decreasing pressure 
55 psl and higher - CLOSED 
.0 to 55 psi - OPEN 
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2) BEARING WATER LOW PRESSURE l ight 
Increasing pressure 

O to 60 psi - CLOSED 
BO psi and higher - OPEN 

Decreasing pressure 
55 psi and higher - OPEN 
O to 55 psi - CLOSED 



APPENDIX E 

Maintenance Operations 
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OIL MIST AIR REGULATORS 

During initial runs of the turbine, problems developed with shellac buildup within the oil mist air 
regulators. It was eventually determined that deteriorated oil in the oil mist reservoirs was the source of 
the problem. Eaton Corporation recommended three oil types suitable for the misters. They are: 

1. Mobil DTE Medium-Heavy 

2. Texaco Regal PC 

3. Shell Tellus 33 

Regal PC oil was obtained for use in the oil misters. The problem with sticking misters was corrected 
when the new air compressor was obtained. 

Once a shellac has formed in the regulators, they tend to stick open at the beginning of each run. To 
restore proper operation the regulator must be disassembled and cleaned using a degreaser. 

Disassembly of the regulators begins with the removal of the copper tubing connecting the mist unit 
sediment bowl to the regulator inlet (this need not be removed on the lower dynamometer bearing unit). 
Now remove the hand wheel and the spring behind it (the lower dynamometer bearing unit does not have 
a handwheel or spring). Next, remove the regulator cover plug, noting the depth to which it is set before 
removal. A stiff, steel spring and an aluminum end cap will come out with the cover plug. Now remove 
the steel washer and rubber diaphragm. Use a pair of pliers to carefully remove the plunger. At this point 
the parts should be thoroughly cleaned using a degreaser. Also clean the shellac from all surfaces that 
can be reached in the regulator. 

Reassemble the unit in the reverse order. Take care when reinstalling the cover plug to make sure the 
spring and aluminum end cap are in'proper alignmenL If the cover plug does not seat back to the original 
depth, then either the spring or the large steel washer has slipped out of place. 

DYNAMOMETER BEARINGS 

During installation of the unit, the top trunnion and precision bearings were examined. This required 
partial disassembly o f  the dynamometer. The disassembly procedure to reach the bottom bearings is 
identical, as the beating arrangement on the bottom is a mirror image of the top. However, to gain access 
to the bottom beatings would require removal of the dynamometer from the test stand. 

Disassembly began by removing the Servo-tech tachometer generator and cover plate. Next, the collar 
surrounding the permanent magnet generator was removed, and the permanent magnet generator was 
removed from the shaft. The top cover of the dynamometer housing was then unbolted and removed 
using a crane. The trunnion bearing was then removed from the shaft. Two cover plates were removed 
to expose the precision rotor bearing. Removal of the rotor bearings requires the use of a specially built 
gear puller. This gear puller was fabricated, but the excellent condition of the bearing prompted the 
decision to reassemble the dynamometer at this point. A series of photos is included at the end of this 
appendix showing the disassembly procedure. 
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DISASSEMBLY OF TURBINE SHAFT FOR PERIODIC LUBRICATION 

The turbine shaft was removed from the test stand to permit lubrication of the upper and lower 
floating couplings. The couplings were completely degreased and then repacked. 

Figure E-1. - Dynamometer prior to dissassembly. Figure E-2. - Cover plate removed to reveal 
tachometer generator. 

Figure E-3. - Cover removed to expose upper 
trunnion bearing 

Figure E-4. - Removing top plate from the 
dynamometer. 
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Figure E-5. - Top plate of the dynamometer removod. 
Oil mist is supplied to the top precision bearing 
through the copper tubing on the right. Oil mist 
exhaust from the bearing is drained through the 
flexible plastic tubing on the left. 

Figure E-6, - Cioseup view of the trunnion 
bearing and oil mist lines. 

Figure E-7. - Trunnion bearing removed and oil 
mist lines disconnected. 
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Figure E-8. - Dynamometer upper trunnion bearing 
following removal from the dynamometer. 



Figure E-9. - Using supplied bolt jacks to lift the 
cap that covers the precision bearing. 

Figure E-10. - Using a spanner wrench to remove 
the precision bearing retainer ring and nut. 

Figure E-11. - Dynamometer top precision bearing 
in place following removal of the retainer 

ring and nut. 

Figure E-12. - Bearing puller in place for removal 
of the precision beadng. The precision bearing 

was not removed. 
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Model Dlmenslons 
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A11ts Chalmers 1:40.3 Model T u r b i n e  

Important Dimensions 

Spiral Case Pressure 

An abrupt change in cross section occurs downstream of the spiral case 
flange. Use the penstock exit piezometer ring for the best measurement. 

spiral Case Inlet 10.314 in diameter Area = 0.5802 f t  z 
Spiral Case Ring 10.414 in diameter Area = 0.5915 f t  z 
Penstock Ring 10.359 in diameter Area = 0.5853 f t  z 

Draft Tube Area at Piezometer Taps 

The draft tube height perpendicular to centerline at piezometer taps is 
10.328 in. Draft tube width is 29.506 in. There are two piers with a total 
width of 6.557 in. Total flow passage width is 22.949 in. Total flow area is 
237.02 in 2, or 1.646 f t  2. 

Turbine Dimensions 

Runner Inlet (DI)" 
Runner Throat (D2) 
Runner Exit 
Draft Tube Inlet (D3) 

Venturi Meter 

10.415 in diameter 
8.856 in diameter 
9.409 in diameter 
9.465 in diameter 

D I = 17.297 in 
D 2 = 8.949 in 

= 0.98547 
d = 0.4368 f t  2 

0.868 f t  diameter 
0.738 f t  diameter 
0.784 f t  diameter 
0.788 f t  diameter 

"0 

Torque and Speed Measurements 

CdA  

I_(D21' 

The Daytronic torque load cell located on the dynamometer carcass is on a 
24-in. lever arm. The torque can be computed from the DC voltage measured at the 
dynamometer control cabinet as: 

Tft.tb=g3738(DCV)-10.92 

The shaft speed may be computed from the DC voltage output by the Servotek 
tachometer generator as: 

NRpN=]42.86(DCV) 
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Wicket 6ate Callbration 

Table F.1. - Wicket gate calibration (as determined after Installation at CSU). 

Gate Opening 
(Degrees) 

Gate Opening 
Counter Reading (Degrees) Counter Reading 

6.2 99912 21.2 99655 

7.2 99895 22.2 99636 

8.2 99877 23.2 99619 

9.2 99860 24.2 99601 

10.2 99844 25.2 99583 

11.2 99826 26.2 99564 

12.2 99810 27.2 99547 

13.2 99794 28.2 99528 

14.2 ~ 99776 29.2 99511 

15.2 99760 30.2 99494 

16.2 99744 31.2 99477 

17.2 99725 32.2 99460 

18.2 99708 33.2 99444 

19.2 99690 34.2 99428 

20.2 99673 35.2 99413 

36.2 99399 

Full gate opening in the prototype is 34 ° . 
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Figure F-1. - Allis Chalmers 9-in model efficiency-hill curve, as determined from tests 
conducted with the model installed at Estes Powerplant. 
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Turbine Research Facility Dedication 
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From left, Dr. James F. Ruff, Hydraulics Program Leader; Raymond H. Willms, Project Manager, Eastern 
Colorado Projects Office, Reclamation; and Dr. Morris M. Skinner, Turbine Research Facility. 

Control room during demonstration of model turbine operation. 

From right: Tony Wahl, CSU Hydraulics Program; Dr. Ralph E. Smith, Associate Vice President for Research; 
and Dave Rogers, Reclamation. 
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Dedication ceremonies, June 29, 1989 

Speaker: Dr. Frederick W. Smith, Associate Dean for Research 

Seated from left: Dr. John D. Nelson, Civil Engineering Department Head; Philip H. Burgi, Chief, Hydraulics 
Branch, Reclamation; Dr. James F. Ruff, Hydraulics Program Leader; Dr. Mords M. Skinner, Turbine Research 
Facility; Raymond H. Willms, Project Manager, Eastern Colorado Projects Office, Reclamation; Dr. Ralph E. Smith, 

Associate Vice President for Research; and Dr. Francis A. Kulacki, Dean of Engineering. 

Installation of the dedication plaque. 

From left, Dr. John D. Nelson, Department Head; Dr. Ralph E. Smith, Associate Vice President for Research; 
Raymond H. Willms, Project Manager, Eastern Colorado Projects Office, Reclamation; and Philip H. Burgi, 

Chief, Hydraulics Branch, Reclamation. 

*U.S. GOVERNM£NT PRINTING OFFICE: 1991-O-673-185/40011 
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Mission of the Bureau of Reclamation 

The Bureau of Reclamation of the U.S. Department of the 
Interior is responsible for the development and conservation of 
the Nation's water resources in the Western United States. 

The Bureau's original purpose "to provide for the reclamation 
of arid and semiarid lands in the West" today covers a wide 
range of interrelated functions. These include providing 
municipal and industrial water supplies; hydroelectric power 
generation; irrigation water for agriculture; water quality 
improvement; flood control; river navigation; river regulation 
and control; fish and wildlife enhancement; outdoor recreation; 
and research on water-related design, construction, materials, 
atmospheric management, and wind and solar power., 

Bureau programs most frequently are the result of close 
cooperation with the U.S. Congress, other Federal agencies, 
States, local governments, academic institutions, water-user 
organizations, and other concerned groups. 

A free pamphlet is available from the Bureau entitled 
"Publications for Sale." It describes some of the 
technical publications currently available, their cost, and 
how to order them. The pamphlet can be obtained upon 
request from the Bureau of Reclamation, Attn D-7923A, 
PO Box 25007, Denver Federal Center, Denver CO 
80225-0007. 
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