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FOREWORD

The tesgts reported herein were conducted for the U, S. Army Engineer
District, Huntington, with substantial field support at Oahe Dam by the
Missouri River Division and Omasha Digtrict. Some of the planning and
analyses was accomplished under the Corps of Engineers Engineering Study
ES 805, "Hydraulic Prototype Tests.' The U. S. Army Engineer Waterways
Experiment Station is responsible for coordinating this hydraulic proto-
type testing program for the Corps.

The study was conducted in the Hydraulics Division of the Waterways
Experiment Station under the direction of Mr, E. P, Foriscn, Jr,, Chief of
the Hydraulics Divisgion, and Mr, F. B. Campbell, Chief of the Hydraulic
Analysis Branch. This report was prepared by Mr. E. B. Pickett, Chief of
the Prototype Section, assisted by Messrs, €. J. Huval, E, D, Hart, W, C.
Blanton, R. A, Yates, M. Dorl, P, M. Smith, and J. V. Dawsey, Jr.

Acknowledgment is made to the many individuals of the Huntington
District who participated in the design, installation, and testing of the
acoustic flowmeter facility at Summersville Dam (see Appendix A), and to
persaonnel of the Missouri River Division and Omaha District who assisted
in the tests at Oahe Dam., A representative of the U, 8. Geological Survey
made the dye dilution measurements. Special acknowledgment is made to
personnel of the Westinghouse Underseas Division for participation in the
Oahe tests, excellent cooperation in all phases of the Summersville proj-
ect, and much of the acoustic flowmeter descriptive information aprearing
in this report.

Coordination of the flowmeter installation and testing operations at
Oahe and Summersville Dams and analyses of the test data were accomplished

by the Waterways Experiment Station. Most of the test measurements with



electrical instruments were made by the Instrumentation Branch, Welerways
Experiment Station, in which Mr. G. C. Downing participated extensively
throughout the acoustic flowmeter development effort.

COL Alex G. Sutten, Jr., CE, and COL John R. Cswalt, Jr., CE, were
Directors of the Waterways Experiment Station during the investigation
and preparation and publication of this report. Mr. J. B. Tiffany was

Technical Director.
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CONVERSTON FACTORS, BRITISH TO METRIC UNITS OF MEASUREMENT

British units of meagurement used in this report can be converted to

metric units as follows:

Multiply By To Obtain

inches 2.5k centimeters

feet C. 3048 meters

miles 1.6093L4 kilometers

square feet 0, 092903 square meters

cubic feet 0., 0283168 cubic meters

gallons 3.78533 liters

inches per second 2. 54 centimeters per second

feet per second 0.3048 meters per second

cubic feet per second 0. 0283168 cubic meters per second

feet per second per second 0. 3048 meters per second per second

pounds per square inch 0. 070307 kilograms per square centi-
meter

Fahrenhelt degrees 5/9* Celsius or Kelvin degrees

* To obtain Celsius (C) temperature readings from Fahrenheit (F) readings,
use the following formula: C = (5/9) (F - 32). To obtain Kelvin (K)
readings, use K = (5/9) (F - 32) + 273.16.
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SUMMARY

Prototype tests of an acoustic flowmeter system were made in a 2L-ft-
diam power penstock at Oahe Dam to evaluate the system prior to permanent
installation in the outlet works at Summersville Dam. Comparative dis-
charge measurements included accustic, penstock pressure-momentum (Gibson),
turbine model test ratings, scroll-case pressure differential (Winter-
Kennedy flowmeter), and surge tank volume changes. The acoustic flow-
neter measurements were very consistent and many of the comparisons were
within 1%. The location of the measuring section for a single-path
acoustic flowmeter must be selected to give a known or measurable re-
lation between the flow pattern of the whole secticn and that alcong the
acoustic path,
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ACOUSTIC FLOWMETER PROTOTYPE EVALUATION TESTS

PART I: INTRODUCTION

Background

1. The increasing development and control of major streams have
greatly increased the need for more accurate and easily used means of
measuring the outflow of contrel structures, especially the ocutflow of
Jarge conduits and power units., As a part of the search for such metering
devices, the U. S8, Army Engineer Waterways Experiment Station has partici-
pated in the development of acoustic flowmeters for use in pressure con-
duits., This activity has included laboratory investigations and partici-
pation with industry in developing and adapting such equipment for use in
hydraulic structures.

Advantages

2. The primary advantage of an acoustic flowmeter is the absence of
projections into, or constriction of, the flow. Being recessed in the con-
duit walls, the flowmeter elements are protected from damage and the ac-
cumilation of suspended material and do not contribute any head loss to
the system. The response of an acoustic flowmeter %o changes in the flow
is very rapid, and the measured signal is linear over a wide range of flow
rates. Also, it is not affected by electrical conductivity or by smell
concentrations of suspended solids or entrained air.

Limitations

3. Possible limitations of the acoustic flowmeter may be its de-
pendence upon the velocity distribution in the conduit, the effects of
wide variations in the velocity of sound through the fluid, severe
attenuation by high concentrations of entrained air, and the rela-
tively high cost of pregently available equipment. However, the wvar-
iation in velocity of sound and high concentrations of entrained air
are not expected to be significant problems in most hydraulic structures.

If generally accepted by engineers, the cost per unit would normally be



expected to decrease with lncreased production.

Basic Principles

Acoustic signal

4, Several types of accustic, or ultrascnic, flowmeters have been

developed,l_l3

which use the velocity of sound through the fluid tec meas-
wre the velocity of flow. The basic principle of the acoustic flowmeter

is shown schematically in fig. 1.
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Fig, 1, Acoustic veloclty measurement principle

5. In the system shown in fig., 1, a sound signal is transmitted

from projector PA in transducer 1 along path A to hydrophone HA

in transducer 2. The transit time TA is



where

L = length of acoustic path between transducers 1 and 2 (the trans-
ducers should be flush with the inside surface of the conduit,
or the path length and transit time appropriately adjusted)

C = speed of sound in the fluid
V_ = velocity component of fluid along an acoustic path in, and
P parallel to or diagonally across, the flow
Simllarly, a signal travels from PB to HB along path B, with a

trangit time of

L
TB T C -V
D
The difference in transit times AT is
2L v
AT = —5———55
co -
P
and where VP is very small compared with C ,
2LV
AT =
2
C

This approximation introduces an error of only Q,C0047% for 10-fps*
fluid velocity and 0.0047% for 100-fps fluid velocity when the speed
of sound in the fluid is L4600 fps. The projectors and hydrophones
are shown as separate units of each transducer in fig., 1; however, with
proper cycling of the operaticn, a single unit can be used in each trang-
ducer and both transducers can be energized by a commcn transmitter.

6. The difference in transit times AT may be measured between in-
dividual sound pulses or the phase difference between continuous signals
of frequency § transmitted simultaneously in both directions. The phase

difference Af is

* A table of factors for converting British units of measurement to metric
units is presented on page ix.



2L V
Aﬁj = AT(_D = ———LCE

where = 2nf . It should be noted that a steady motion of the fluid ad-
vanceg or delays all cycles of the sound waves uniformly without changing
the frequency, Thig differs from the Doppler effect in which the pitch
(frequency) of the sound is changed as the transmitter and receiver move
toward or away from each other without a change in the scund wave veloc-
1ty between them,

Fiow velocity

7. The average flow velocity on a diameter across the conduit,

VD , 1s
v 2
v, = —& ¢

= = A
D cos @ 2L cos 9 T

where € = angle of path relative to the conduit axis. This average flow
velocity Vb includes the proportionate influence of all variations in
the flow velocity along the path across a diametric plane of the conduit,

8., If the measuring section is at a location where the velocities
are the same at every poilnt in the conduii cross section, such as may be
almost The case in the intake, the average conduit velocity v equals
the average diametric velccity VD . Also, v equals Vb where the flow
pattern can be considered two-dimensional., ag through a wide, thin slot
where VD is measured across the short dimension of the slot. In all
cases the flow streamlines should be parallel through the measuring
section.

9. Fully developed laminar flow through a circular condult has a
parabclic velocity distribution and the average condult velocity V is
three-fourths of the average diametric velocity Vb .

10. Generally, all flows to be measured will be turbulent with
Reynolds numbers greater than 500C. The velceity distribution for fully
develcped turbulent flow in a circular conduit may be expressed as a
function of the surface resistance coefficient, £ , and the relative dis-

tance from the wall, y/ro , by the equation



l:-{? (2.15 log, . &~ + 1.43) + 1

= 10 r

\'s c

This equation 1s applicable to both smooth and rough pipes and was derived
from data for Reynolds nunbers up to 3,2140,000.lu The relation between
the average conduit velocity V and the average diametric velocity V

D
for axisymmetric flow is then found {o be

|<:I

___2.00
D 2.00 +N T

-

The interrelations of resistance coefficient, Reynolds number, and this

ratio of V 3o Vﬁ are shown in fig. 2. The data points shown in fig. 2
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hf = resistance loss, % V = average conduit velocitg, fps

I, = conduit length, ft v = kinematic viscosity, ft /sec

D = conduit diameter, ft g = gravitational acceleration, ft/sec2
€ = abgsolute roughness, ft VD = average diametric velocity, fps

Fig. 2. Interrelations of resistance coefficient, Reynolds number, rela~
tive roughness, and ratio of average conduit velocity to average diametric
velocity.l> See table 1 for identification of data polnts



] . 1
are from a number of prototype measurements listed in table 1. 2

11. The variation of the ratio of V +o Vp for any given conduit
probably will be only 0.1 to €.2% and only 1 to 29, for a considerable range
of resistance coefficients and Reynolds numbers. The ratio of Vv to VD
for other veloeity distributions could be cbtained experimentally in model
or prototype with boundary probes or cross struts for each conduit, or
possibly estimated within 1 to 2¢% from theoretical evaluations of the ve-
locity distribution. The resistance coefficient of the metered conduit
could be determined from piezometric measurements of the hydraulic grade
line or approximated from measurements of the surface roughness.l5

12, Measured velocity distributlions in Tunnel 10 at Fort Randall
Daml6 indicate a ratio of V to Vp of approximately 0.969 and an f
value of approximately 0.0085. The ratio is somewhat higher than the
value of 0.956 indicated by the equation given above, and 0.955 in fig. 2
(data group (3)). This difference in values of Vyﬁb could result either
from experimental error or from a slightly less than fully developed tur-
bulent flow veloclty profile in the tunnel. The small difference in f
values from references 15 and 16 resulted from analyses of the test data
by different techniques.

13. TUnpublished velocity data obtained with cross struts in the
penstock of Oahe power plant Unit 1 (see paragraph 34) indicated V/VD
values of 0.968 at the acoustic flowmeter location and 0.961 at a loca-
tion 143 ft downstream. Assuming a hydraulically smooth boundary for the
vinyl-coated Oshe penstocks, fig. 2 shows f{ wvalues from 0.007 to 0.009
for the range of Reynolds numbers experienced during the tests described
herein. The corresponding range of V/VD is 0.960 to 0.955. A value

of 0.96 was selected for the acoustic flowmeter tests described herein.

Flowmeter Development Tor Corps Use

14, Published reports in 1955 by Swengle, Hess, and Waldorf6’8’lo

deseribed the ultrasonic measurement of flow in a 16-ft-wide by 25-ft-high
turbine intake at the Safe Harbor power plant. It was believed that the

method could be adapted to the measurement of discharge in the rectanguwlar



sluices common to many Corps of Engineers dams. At about this same time
the U. 8. Geological Survey began investigating the application of the
ultrasonic method to the measurement of copen channel discharge.

Rod-type transducer system

15. A system utilizing rod-type transducers covering the full
height of each side of a 5.67- by 10-ft rectangular sluice at Sutton Dam
was designed in 1956 by the Waterways Experiment Station. Consultant
serviceg were obtained from Messrs. R. C. Swengle and W. B. Hess and scme
assistance by Mr. L. Batchelder from the equipment manufacturer. Instal-
lation of the embedded anchorages for the flowmeter in a sluice at Sutton
Dam was completed in 1958. The dam was essentially completed in 1959
and the project reached full operational status in early 1961. A small-
scale test of the system was made in an & by 12-in., model sluice in
1960 and the iransducers for Sutton Dam were delivered by the fabricator
early in 1961.

16. Tests of the rod-type transducers were made &t Sutton Dam in
June 1961. A good signal could be transmitted across still water, but
acoustic noise practically obliterated the 10 kHz¥ signal during operation
of the sluice and prevented measurement of the phase shift. Part of the
problem was believed to have been a strong acoustic radiation from the
housings of the transducers that energize the rods. Improvement of this
detail, an increase of frequency to 20 klz, and a number of other allera-
tions should be incorporated in any revised system of this type. Some
indication has been given that the effects of nonuniform velocity distri-

bution across the conduit are negligible.lo

However, the rather severe
modification of the velocity distribution at the location of the Sutton
flowmeter by partial openings of the control gate just downstream will re-
guire congiderable study and evaluation.

Point-type transducer system

17. The use of small "point-type" transducers in a system to meas-
ure the average flow velocity along the beam path, instead of across the

entire flow section, was described by Kritz in 1955.9 This system isg

% 1 Hz = 1 cycle per second.



particularly applicable to a circular conduit in which the velocity dis-
tribution is axisymmetric. It also could be used near a rectangular con-
duit intake where the velocity distribution is essentially uniform across
the entire secticn, On the basis of anticipated commercial development
of such systems, the installation of embedded anchorages and cable con-
duits was recommended at several Corps projects where accurate discharge
measurements would be needed for operatlon or prototype tests. Summers-
ville Dam was among these projects, for both purposes.

18, Twe smell transducers of this type were tried in connection
with the Sutton Dam tests at frequencies between 10 kHz and 200 kHz. The
results were essentially the same as those of the rod-type system: a gocd
gignal in still water, but lost in acoustic noise with flow. However, it
was believed that a higher frequency system might permit good phase-shift
measurements., In 1961 a manufacturer of underseas acoustic instruments
investigated the use of phase-shift measurement for an acoustic flowmeter
but did not recommend a system. TIn 1964 the same manufacturer proposed
8 system inveolving the measurement of actual time differences in sound
pulse travel rather than phase shift, using instrument components recently
developed for underseas uses. This equipment was proposed for the
Summersville installation, subject to successful performance in the tests

described herein.

Purpose of Tests

]9, As indicated above, the manufacturer of an acoustic water-
velocity-measuring system that was found very successful in underseas
applications considered the equipment adaptable to accurate metering of
conduit flows. For a part of the acceptance of guch a system by the
Waterways Experiment Station for installation at Summersville Dam ( see
Appendix A), it was decided to field-test the flowmeter in a large
circular tunnel with a well-established rating. Neither the manufacturer
nor the Waterways Experiment Station had such a field facility. Conse-
quently, the Missouri River Division and Omaha District cocperated in

furnishing a suitable test site at Ozhe Dam power plant (see fig. 3).



Mg, 3. Oahe Dam, Missouri River, S. Dak., cutlet
warks at left, power plant at right

20, The penstock of Unit 1 of the Oahe power plant was of adequate
size and had been carefully rated in recent prototype transients tests.
It was long enough to ensure fully develcped turbulent flow and had con-
venient external access. The effects of a2 few mild bends in the penstock
upstream from the measuring section also could be evaluated by the use

of several acoustic paths across the flow for comparison with available

velocity distribution data.



PART II: "LEADING EDGE" ACQUSTIC FLOWMETER SYSTEM

Operation Principle

21, The "leading edge" acoustic flowmeter system proposed for
Summersville Dam measures the difference in transit time between two pulses
by measuring the difference in arrival times of the leading edges of two
simultaneously transmitted, short, high-frequency (about 1.5 MHz) pulses
from the projection transducers. This system is considered less sensitive
to local disturbances in the flow than systems using the phase-shift prin-
ciple. Only the leading edge of the received sgignal is important. Local
disturbances may attenuate the signal, but they do not affect its speed
through the fluid. The system also has provisions to automatically com-
pensate for changes of speed through the fluid.

22. The arrival of the first pulse of each pair triggers a digital
counter which measures the time to the arrival of the seccnd pulse, This
cycle of measurements is repeated at a high rate (about 80 Hz) and the
time values can be averaged over a selected period (between a few seconds
and about a minute). The output of this time-measuring system can incorpo-
rate the sound wave veloclity, path length, path angle, and conduit area to

give the discharge in either digital or analog form.

Possible Errors

23. The manufacturer has given the following maximum possible

errors of the instrument as assigned to each possible source:

Assumption of linear equation (AT = 2L Vb/Ce) 0.05%
Correction for speed of sound in water 0.07%
Use of a common transmitter 0.01%
Use cf matched-galn receivers 0.05%
Resolving power of digital circuits 0.19%
Installation correction (angle and path length) 0.10%
Accuracy of digital-to-analog converter 0. 10%
Meter error 0.50%

10



2k, Since scme of these errors will be positive and others negative,
the standard square-rcot-of-the-sum-of-the-squares method was used to com-
pute the overall system error of 0.56%. As can be seen from the tabula-
tion, the largest single contributor to total error is the inherent inaccu-
racy of available panel meters, Therefore, if a more accurate system
should be desired, each meter could be calibrated in its system using
known fluid velocities. The linear response of this flowmeter system is
believed to be more reliable, easier to process, and less susceptible to
aging and to drift in accuracy than nonlinear systems in which the indi-
cated quantity on the meter (velocity or discharge), M , is related to the

flow velccity, V , by one of the following equations

M= Kl Vn + K2 or M=K

5 sin (Kh V o+ K5)

where n 1ig an exponent and the K's are constants.

Towing Basin Test

25. A leading edge system similar to the acoustic flowmeter was
tested for the manufacturer in the U. S. Navy David Taylor Mcdel Basin in
December 1962. The results of one of the test runs are given in fig. L.
The system was towed through still water up to a speed of about 6 knots.
The following were determined from the test data:

Root-mean-square error of data from linearity = 0.015 fps
Calibration error = 0.2%
Zero offset = 0.002 Ips

Tquipment Tested at Oahe

System console

26. All of the electronic equipment for the system was housed in
the equipment cabinet shown in fig. 5. The front panel contains only the
indicating meters, on-off switches, path selector switch, self-test switch,

and assoclated indicator lights, The indicating meters of ranges

11
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Run 18

Carriage Travel from West
(1) Carriage

Run 19

Carriage Travel from East
(1) Carriage

Speed (2) Measured (2)-(1) Speed {2) Measured (2)-(1)
knots fps ips fps knots fps fps fps
C.5 0.84 0. 87 +0, 03 -0.5 -0, 84 -0.83 -0.01
1.0 1.69 1.70 +0, 0L -1.0 -1.69 -1.68 -0,01
1.5 2.53 2.53 0. C0 -1.5 -2.53 -2,53 0.00
2.0 3.38 3.37 -0, 0L -2.0 -3.38 -3.36 -0.02
2.5 4, 22 4. 20 -0.02 -2.5 -4, 22 -4, 20 ~0,02
3.0 5.07 5.05 -0.02 -3.0 -5.07 -5.05 -0,02
3.5 5.91 5.89 -0,02 -3.5 -5.91 -5.89 -0,02
4,0 6.76 6.73 -0,03 4.0 -6.76 -6.7h -0,02
4.5 7.60 7.60 0. 00 -4.5 -7.60 -7.62 +0.02
5.0 8.45 8.45 0,00 -5.0 -8.45 -8.45 0.00
5.5 9, 29 g, 29 0. 00 - - _— -
Fig. 4, Results of towing basin test

12



Fig. 5, Electronic equipment console and one pair of
trangsducers used in QOahe tests



0 to 50 fps and 0 to 100 fps, the path selector switch, and path indi-
cator lights for this particular unit were those assembled initially for
the Summersville Dam installation, However, the system was readily adapted
to the Oahe ftest with slight internal modifications of the circuits. To
give more accurate data a digital voltmeter was used in lieu of the panel
meters during the Oahe tegts.

27. One pair of transducers and certain components of the circuitry
are custom-wired for each flowmeter path. A single digiltal processing
system is connected to the path to be measured by setting the path selector
switch, The receiver-transmitter circuit drawer and the digital circuit
drawer are accessible through a door in the back of the console., Controls
used to 1nitially adjust the system are located inside the cabinet and
accidental changing of the settings is prevented by locking devices on the
controls and on the console door. The console also includes a blower sys-
tem for ventilation of the electronic equipment.

Trangducerg and adapters

28. The approximately l/2-in.—diam transducers were supplied by the
manufacturer in waterproofed adapters for installation through the l-l/8-in. -
thick steel walls of the Unit 1 penstock at Oahe Dam (see plates 1 and 2).

These adapters were of a ball-and-stem configuration, as shown in fig., 6

THREADED FOR SOCKET RETAINING NUT

SOCKET
SPHERICAL WASHE.R\\ f :

ADAPTER RETAINING NUT

SPHERICAL SURFACE

. TRANSDUCER T
P-2997

Fig. 6. Ball-and-stem adapter and socket assembly for installing transducer
in Oahe penstock (socket assembly gaskets, washers, and nuts not shown)

14



and plate 3, and were fitted into the socket assembly furnished by the
Waterways Experiment Station. This ball-and-socket arrangement permitted
angular adjustment up to 9 degrees for aligning the transducers., Ordi-
narily, the transducer and adapter would be fully recesgsed. However, re-
strictions on hole size (2-3/8—in. diam) and alignment through the penstock
wall and on welding special fittings te the wall resulted in an assembly
that projected about 5/8 in. into the 24-ft-diam conduit (see fig. 7 and
plate 3). Four pairs of transducers were furnished for making measure-

ments along four diametric paths spaced at L5-degree intervals.

Fig. 7. Transducer installed in Oahe penstock at location UB.

The temporary target attachment was used with a temporary bore

scope in the transducer at the opposite end of the acoustic
path to accurately align the transducer axes

15



PART III: TLOWMETER TESTS AT CAHE

Pertinent Features of the Project

29, Oahe Dam, located on the Missouri River in central South Dakota
about 6 miles northwest of Pierre (figs. 3 and 8), is a rolled-fill earth
embankment with a maximum height of 242 £t and a length of 9300 ft. The
multipurpose reservoir created by the dam is one unit in the comprehensive

plan for the development of the Missouri River basin., The reservoir is

being used for flocd control, irrigationm,

" 4 low-water regulation for navigation and

BT, ﬂ sanitation, power generation, recreation,
GARRISON DAM

and wildlife preservation. With the pool
Javesionn at maximum operating level, elevation 1620,*
Bismarck

the reservoir will have an estimated storage

pAKOTA capacity of 23,600,000 acre-ft and will ex-

10055 1w

tend along the Missouri River in a north-
mino| erly direction for approximately 250 miles

DAKDTA to the vicinity of Bismarck, N. Dak. Mini-

mum operating pool elevation is 1540, and

maximum surcharge pool elevation, 1645.

Rapid City BIG BEND
DAM

30. River regulation in the interest

SCALE IM MILES

Bt m o of flood control, irrigation, navigation,

Fig. 8. Vicinity map and sanitation is provided by six circular
tunnels in the right abutment. The tunnels
vary in length from 3408 to 3571 ft and have upstream diameters of 19.75 ft,
central control shafts with single passages for vertical-1lift gates 13 ft
wide and 22 ft high, and downstream diameters of 18.25 ft. A common still-
ing basin dissipates the energy of flow from the gix tunnels. A channel-
type spillway with control gates near the upstream end is located €000 ft
landward from the right zbutment of the embankment. The project layout

ig shown in plate 1.

* TFlevations are in feet referred to mean sea level.
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31. The powerhouge at the left abutment hag seven generating units
rated at 85,000 kw per unit. Water for power generation is carried from
the gated vertical shaft intake structure through seven tunnels 24 ft in
diameter and averaging about 3600 ft long. BEach tunnel is provided with
dual surge tanks 70 ft in diameter and 145 £t high (Units 1-7). The surge
tanks are connected to the penstock with individual risers 16 ft in diameter
with 12-1/L-ft-diam orifices in each riser. The vertical-shaft, single-
runner, 100-rpm, Francis-type turbines are rated at 128,500 hp for a 185-ft
head and 60,000 hp for a 120-ft head. Details of the power plant are shown
in plates 1 and 2.

Previous Tests in Unit 1

Gibson test

32, Performance tests of Unit 1 were made by representatives from
the office of Norman R. Gibson, Consulting Engineer, on 21-22 March 1963
for pool elevation 1573 and tailwater elevation 1421 (with variations of
a few tenths of a foot from these elevations). Although this was not an
official acceptance test, the turbine performance was measured in accord-
ance with the ASME Test Code for Hydraulic Prime Movers, approved May 1949,
with the exception that the measuring point for the tallwater recording
gage system was not located at the point of highest average tailwater level.
However, the pregsure-momentum type of discharge measurement of this test
was independent of the tailwater level, Details of the test are given in
reference 17, and the results were used in calibration of the scroll-case
piezometers (Winter-Kennedy flowmeter).

Power-plant transients tests

33. Prototype tests of Unit 1 were made in June 1963 to evaluate
results of a comprehensive digital computer study made by the Missouri
River Division, Omaha District, and Massachusetts Institute of Technology
and to determine the extent that operation corresponded to design. The
general objective of the transients study is to develop an integrated solu-
tion of the entire problem of power-plant transients, with primary emphasis

on governing gtability.
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34. Hydraulic prototype measurements of power-plant transients,
including instantaneous pressure values at a number of locations in the
power tunnel, the surge tank system, turbine scroll case, and draft {tube
were cbtained simultanecusly with instantaneous values of tunnel flow ve-
locity, reservolir and tailwater elevations, turbine speed and gate opening,
power cutput, and other elements (including governor system) in Unit 1,
Pressure and water-level measurements were made with electrical pressure
trangducers, velocitles were measured with pressure transducers connected
to pitot-static tubes on crosgs struts in the penstock, and mechanical and
electrical values were obtained with appropriate transducers. Measurements
were recorded cn about 10C channels of oscillograph equipment and digitized
for use in the digital computer analyses by the Omaha District and Massa-
chusetts Institute of Technology. Deftails of the transients study are
given in references 18-20, Some of the transients test results are cited

in this report.

Measurements and Instrumentation
for Acoustic Flowmeter Tests

35. The acoustic flowmeter tests included electrical measuring and
recording of the acoustic flowmeter gignal, wicket gate angle and vibra-
tion, surge tank water-surface elevations, net head, and differential pres-
sures between the pressure-momentum (Gibson test) piezometer rings and be-
tween the scroll-case piezometers (Winter-Kennedy flowmeter). The loca-
ticns of these measurements are shown in plate 2 and the ilnstrumentaticn is
descrived in detail in the following paragraphs.

36. Additional measurements recorded by the Omaha District for
studies of the governor action were generator speed, wicket gate servo-
motor connecting rod travel, motions of the governor dashpot pistons "R"
and "M" and relay valve, and penstock pressure downstream from the surge
tank risers. These measurements are indicated in plate 2, but will not be
described in detail.

37. During the tests visual readings were made of the acoustic flow-
meter output, mancmeters connected to the surge tanks and the net head

piezometers, differential mancmeters connected to the scroll-case
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piezometers (Winter-Kennedy flowmeter) and across the surge tank riser
section of the penstock, and the wicket gate servomotor connecting rod
rosition,

38, Power-plant control room recorder charts for the test period
vere obtained for pool and tallwater elevations, alr and water tempera-
tures, the Winter-Kennedy flowmeter, individual unit and total station
power output, bus voltage, and system frequency.

39. Measurement of the penstock discharge by the dye dilution method
was attempted., A solution of rhodamine B dye was inJected at a constant
rate from a marictte flask at the power tunnel intake. The dilution was
sampled near the acoustic flowmeter Test zection and analyzed with a re-
cerding flucrometer. Botile samples also were obtained periodically for
checking the continuous record., The technigue has been used in similar
power-plant systems to obtain very accurate discharge measurements; how-
ever, malfunction of the fluorometer or instability of the dilufted dye
sclution nullified the results in these tests at Oahe.

Acoustic flowmeter

40, Details of the flowmeter equipment tested at Oahe are given in
Part IT of this report. The use of four different paths across the flow
was to determine any effects of asymmetric velocity distribution resulting
from several bends in the tunnel upstream from the flowmeter location (see
plate 1), The location of the flowmeter section relative to the various
components of the power plant is shown in plate 2. Identification and lo-
cations of the acoustic paths and transducers are given in plate 3.

41, Very careful location of the transducers was necessary to ensure
that all the path lengths were as nearly the same as possible. The uni-
fermity in length was required because only one set of circultry was used
for all four paths. Measuring the pressurized penstock, correcting for
slight nonuniformity of the cylindrical shape, and locating the 2-3/8-in.-
diam transducer holes were completed before the penstock was dewatered,
Comparative penstock dimensions and lengths of the diagenal paths in the
dewatered penstock alsc were measured ags a final guide in locating the
holeg. Following the tests, another set cof measurements was made of the

actual transducer hole lccations in the pressurized penstock. Design
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dimensions for the transducer layout and final measurements of the acoustic
path lengths are given in plate 3.

42, The acoustic flowmeter transducers and console were installed
and operated during the tests by representatives of the manufacturer. In
addition to the special effort to locate the flowmeters, as described above,
the transducers were very carefully aligned with a boresight and target (see
fig. 7). The system was switched from path to path and the output was re-
corded continuously on a light beam cscillograph supplied by the Waterways
Experiment Station and manually from visual observation at short, uniform
intervals from a digital voltmeter., The output of the equipment had been
adjusted so that the voltage reading was equal to the average flow velocity
on the diametric path, VD .

Wicket gate position

43. The wicket gate positicn was indicated by an angular potenti-
ometer on cne of the wicket shafts and by scaled measurements of the wicket
gate servomotor connecting rod position. An accelerometer on a wicket
gate shaft lever arm was used to indicate the beginning and end of any
wicket gate motion. The potentiometer and accelerometer sighnals were re-
corded on the oscillograph and visual readings were made of the connecting
rod position. The wicket gate measurements were obtained for use in
pressure-momentum evaluations of the discharge and tec ascertain the tur-
bine gate openings for compariscns with discharge ratings from other tests.
These items are indicated by the symbols TdlL(78) and Tgl{79) in plate 2,

Surge tank water-surface elevation

LY, The water-surface elevations in each surge tank were measured
with a +25-psid electrical pressure transducer (reference pressure side
sealed at approximately atmospheric pressure) and the signals were re-
corded continucusly on the oscillograph., These elevaticons also were moni-
tored on 12-ft-high well-type mercury manometers with readings at 15-sec
intervals during the test operations. The surge tank water-surface eleva-
tions were cobtained for use in volumetric-type measurements of the discharge
during the surge action following complete closure of the turbine wicket
gates.

L5, The 1/2-in.-diam pressure transducers were mounted in
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1-3/8-in. ~-diam, screw-in adapters. These were installed in threaded holes
provided for the earlier power-plant transients tests at the locations
USpBR(60) and DSpBL(66) shown in plate 2. The manometers were installed
in the test recorder area and connected to the surge tanks with 3/8-in.
copper tubing,.
Net head

46, The pressures at the net head piezometer ring (at a 20,51-Tt-
average-diameter section in the tapered transition from the penstock to
the scroll case) were measured with a 16-ft-high U-tube mercury manometer.
Pressures in the 24-ft-diam penstock were measured just upstream from the
tapered transition with a 100-psia pressure transducer (locaticn Pp7BR(17)
in plate 2) and recorded separately by the District. Computed values of
the net total head were obtained from the net head piezometer readings,
penstock velocity head at the net head piezometer ring, taiiwater elevation,
and residual velocity head in the tailrace as described in reference 17.

Penstock pressure gradient

L7. Penstock pressure gradients between the surge tank risers and
the turbine scroll case were cbtalned for use in the pressure-momentum
method of measuring discharge (similar to the Gibson tests)., A +5-psid
pressure transducer was connected between the piezometer rings used
for the Gibson tests and the signals were recorded on the cscillograph,
The approximate location of this transducer, Tph(72), is shown in plate 2.
The inside penstock surface around each piezcmeter was carefully sanded to
eliminate local sources of pressure disturbances. Differentials between
various combinations of piezometers in the rings were measured for steady
flow during one of the test operations to determine possible effects of
the surge tank riser entrances on local pregsures at the rings,

48. Considerable high-frequency pressure fluctuaticn cccurred in the
plping between the pilezcmeters and pressure transducer, This was believed
due to vibration of the pipes and complex reflections of pressure waves in
the pipes. Damplng of these fluctuations was attempted with throtiling
valves and air cushion in the pipes, tut electrical filtering of the pres-
gure transducer sigral was necessary to produce a satisfactory record,
Both the unfiltered and filtered signals were reccrded on one of the

ogcillographs.
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Scroll-case pressure differential

49, The pressure differential between the outside and inside of the
curved scroll-case walls was measured with a +10-psid pressure transducer
for comparison with the Leeds and Northrup Centrimax measuring and record-
ing system used in plant operation, The differential for steady-Ilow op-
eration also was monitored with a 16-ft-high, air-water differential manom-
eter. The pressure trangducer and manometer were connected to the Winter-
Kennedy system21 at the =zame location as the system's pressure indicating
device (item Tp3(71) near the governor cabinet in plate 2). The manometer
leads were closed during any transient conditions of the tests to avoid
effects of any manometer surging on the pressure transducer and station
recording system.

Recording

50. Bilgnals from the transducers were amplified and recorded on a
light beam oscillograph (12-in,-wide, chemically developed chart with 0,16
and 1.6 in./sec chart speeds). Part of a typical oscillogram is shown in
plate 4. Duplicate records of some signals were made on a T-in. -wide,
direct-write, light-beam ocscillograph for monitoring during the tests.
Additional duplicate records of the acoustic flowmeter and penstock pres-
sure differential records were made on a 12-in.-wide, pen-type recorder to
determine the effects of further signal damping in the recording system.

A common timing signal composed of 60 and 1 Hz pulses was used to synchro-

nize the three records of each test.

Test, Operations

51. The Unit 1 test operations consisted cf short periods of steady
cperation for the steady-flow measgurements followed by load rejections for
the pressure-momentum (Gibson) tests. The tests generally included two
cperations at each of the following approximate wicket gate openings:

0 (static), 17 (speed-no-load), 20, 40, 60, 80, and 100%. A detailed
test schedule i1s given in table 2,

Test conditions

52. The reservoir elevation varied between 1559.3 and 1559.0 and
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the tallwater,

between 1424.5 and 1419.9, Tailwater elevations depended

on the total plant output, which varied with the time of day. The result-

ing gross head varied from 134.6 to 139.3 ft. Water temperatures were

from 55 F to 53 F and outside air temperatures varied between 80 F and

67 F during the test periods on 2, 3, and 5 November 196k,

Plant operation

53. The

power plant was generally operated according to the foldow-

ing procedure during the tests.

a.

1

Test procedure

5L,  The

a,

Unit 2, adjacent to Unit 1, was not operated during the
tests., This wag to aid in stabilizing the tailwater in the
vicinity of the Unit 1 draft tube.

Units 3-7 were operated to give minimum plant load fluctua-
tions., Many of these units were inoperative for tests dur-
ing the low-demand period in the afterncon.

Unit 1 was started to speed-no-load (SNL), slowly for mini-
mum oscillation of surge tanks, and held at SKNL as required
to warm the bearings. The operation was cleared with the
load dispatcher. Then the unit was synchronized with and
connected to the power distribution system. Load was ac-
cepted slowly to the wicket gate opening for the test and
reduced on the unit selected for balancing the load change.

When the countdown reached "O," all of the Unit 1 load was
rejected by tripping the governor shutdown solenoid and
picked up rapidly by manual control on the unit selected
for balancing the load change., All units operating in

the system reacted to balance the sudden change but quickly
returned to normal as the selected unit (No. 5 or 6)
accepted the load,

When the measurements following the rejectlon were completed,
items ¢ and d above were repeated as necessary for other gate
openiﬁgs. After the last test of each series the plant
(except Unit 1) was returned to normal operation.

general procedure in making the tests included the following:

The participating personnel were briefed orally and with
coples of a detailed operation schedule for the test series
to be conducted.

The party-line phone system connecting the various areas of
activity was activated, clocks were synchronized, and the
electrical measuring and reccrding systems were made ready.

Electrical calibrations were made on the recorders,
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d. A short record of static conditions in the Unit 1 system
wes made with all measuring and recording equipment.

e. Unit 1 was started to SNL and a short record was made when
the operation and filow became steady.

f. Unit 1 was connected to the system and accepted load to a
level equivalent to the specified wicket gate opening. Op-~
eration was held at this level for the tesgt.

g. When flow conditions in Unit 1 reached a steady condition
(no surge tank oscillation), the following measurements
were obtained:

(1) A 15- to 30-min oscillograph record at slow chart
speed was made of the acoustic flowmeter signal,
wicket gate angle and vibration, surge tank water-
surface elevationg, and differential pressures be-
tween the pressure-mamentum piezometer rings and be-
tween the scroll-case piezometers.

(2) During these steady-flow recording periods the digi-
tal voltmeter output of the acoustic flowmeter was
observed and recorded at about 10-gec intervals for
about 5 min on each path. In test 2 the flowmeter
also was switched to successive paths every 10 sec for
about 15 min, with four readings of the output in the
last 6 sec of each 10-sec period. Path D3-U7 was used
for the continuous record during the pressure-momentum
transients measurements.

(3) Visual readings during the steady-flow period were re-
corded for the pool and tailwater; the surge tank water-
surface elevations, the net head, and the scroll-case
differential pressures (at 15-sec intervals); and the
wicket gate servomotor connecting rod position.

h. For the load rejection operation, the oscillographs were
switched to a higher speed, recording from about 15 sec be-
fore to about 1 min after rejection, then were switched back
to the slower speed for about L min additional record. The
surge tank water-surface elevation manometer was read at 15-
sec intervals,

i. Ttems e through h were repeated for succeeding tests at in-
creased gate openings.

Data Analyses and Test Results

Acougtic flowmeter

55. The acoustic flowmeter signals indicated by the digital wvolt-

meter and recorded on the oscillogram compared very favcrably,
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Consequently, the voltmeter readings were used for steady-flow comparisons;

and the oscillogram traces, for the varying flow comparisons with the surge
tank oscillations. Average diametric velocities for each path, obtained
from averaging the 5-min sample voltmeter readings for the path, are given
in lines 21-24 of table 2. Of the 19 sequential, 10-sec samples obtained
in test 2 (see subparagraph 5Lg(2)), 11 varied less than 0.5% from the
corresponding 5-min samples with an overall average variation of about
0.75%. The 10-sec samples were used for test 2f, in which the 5-min
samples were not obtained. The average of the path velocities (line 25)
was multiplied by 0.96 (see paragraph 12) to obtain the average conduit
velocity (line 26) and then by the penstock cross-sectional area (452.5
fta) for the discharge given in line 27,

56. The slight fluctuations of the acoustic flowmeter signal ap-
pearing in the oscillogram trace in plate 4 also were evident in the volt-
meter readings. These are congidered to be the result of fluctuations and
turbulence in the flow and are generally similar to other recorded fluctua-
tions in pressures, local velocities, power output, etc. The root-mean-
square, or standard deviatlion, values of the voltmeter readings for these
fluctuations were generally 1 to 2.5% of their respective average path
velocities, with most of the extreme values between C.5 and 3% and with
the greater fluctuwation percentages at the lower discharges.

Effect of veloeity distribution

57. Differences in average velocities across various diametric

paths had been anticipated because of the horizontal and vertical bends

in the tunnel upstream from the measuring section. Consequently, four
acoustic paths were provided in an effort tc evaluate any such differences.
The average diametric velocity for each path (lines 21-24 of table 2) rela-
tive to the average of all four paths (line 25) is shown in fig. 9. Three-
fourths of the path velocities are within 1% of the overall averages and
over a third are within C.5%. Paths D2-U6 and DL-U8 possibly indicated
some effects of asymmetric velocity distributions at the 20 and 40% gate
openings. The low veloclty indicated on both the digital voltmeter and
oscillogram for path D3-U7 at 100% gate opening in test 2 appeared to be

an isclated occurrence that could not be verified by records of other
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phenomena at the same time, nor by the sequential 20-sec records., This
reading wag not used in computing the average velocity for that test.

58. Two sets of similar path velocity ratics interpolated from ve-
locity measurements obtained with the cross struts in the power-plant
transients tests (see paragraph 34) also are given in fig. 9. For one set,
the wvelocities at the 13 locations shown in plate 3 were weighted accord-
ing to their respective parts of the diameter and corresponding cross-
sectional area, averaged arithmetically, and interpolated for the actual
path locations. For the other set, velocity contours (isovels) were drawn
to obtain velocity profiles for the actual path lccations, Over three-
fourths of these path velocities are within 1% of the overall averages and
over half are within 0.5%. In general, any asymmetry in the Oahe penstock
velocity distribution appears to affect the individual path velocities by
less than l%.

Pressure-momentum measurements

59. The principle of pressure-momentum measurements (Gibson tests)
ig cutlined in many texts and the technigue is described in detail in
references 22-26. The data from the tests described in this report were
analyzed as follows:

a. The Peginning and end of the gate closure period were de-
termined from the wicket gate angle and accelerometer traces
on the oscillograms (see plate 4).

Ie

Average differential pressures for the measuring section in
the penstock were determined from the oscillogram for periods
cf several seconds preceding and following the gate closure
period. The average differential pressure immediately fol-
lowing the gate closure pericd was assumed to be zero. It
was noted that some differential pressure was indicated
curing the maximum flow rates of the surge tank cycles,
even though there was no flow through the measuring section,
This may have resulted from secondary flow circulation in-
duced in the measuring section by the flows entering and
leaving the surge tank risers just upstream. However, the
selected zero ordinate appeared to agree closely with the
ordinates for subseguent periods of minimum fiow rates at
the peaks and troughs of the surge tank cycles.

c. The average differential pressure preceding the gate closure
period was adjusted, if necessary, to represent the computed
conduit resistance loss between the piezometer rings (0.05
ft at maximum discharge). These adjustments were found
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degirable from an analysis of differential pressures be-
tween combinations of the piezometers in the rings, which
were measured during a prclonged steady-flow period, The
observed varlations in these differentials are attributed
to effects of the surge tank riser entrances Jjust upstream
from the rings. (The maximum adjustments to the pressure-
momentum differential pregsure record were less than C.5%
of the differential transducer range for all but one test
(0.9%). The resulting adjustments were from 0.5 tc 3% of
the final computed discharge for all but one test (6%).)

The base of the pressure-time dlagram was assumed to be a
straight line connecting the adjusted average differential
pressure value (from ¢ above) at the beginning and the zero
pressure differential (from b above) at the end of the gate
closure period,

e

The area of the pressure-time diagram was measured by planim-
etering and then converted to equivalent feet (pressure)-
seconds (time) with the applicable oscillcgram calibration
factors,

| @

f. Discharge was computed from the equation

(fB)
Q=A g
jop Lp

where () = discharge, cfs

Apt = area of pressure-time diagram, ft-sec

Ap = cross-sectional area of penstock = L52.5 ft2
Lp = length of penstock test section = L48.45 £t
g = acceleration of gravity = 32.17 ft/sec2

The discharges determined by the pressure-momentum method are given in
line 28 of table 2,
Turbine discharge rating

60. Turbine discharges given in line 29 of table 2 were obtained
from turbine model test data adjusted on the basis of the March 1963
Gibson tests., The net total heads used with the rating are given in line
16 of table 2 and were determined by the method noted in paragraph L46.
It should be noted that the 1963 tests were at a gross head of about 150
ft and the acoustic flownmeter tests were at a gross head of about 140 T%.

The discharges indicated for gate openings less than 50% are from
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extrapolations of the Gibson test adjustments and may not be reliable.
Alsc, the wicket gate openings (line 19) for the Oahe turbine were de-
rived from measurements of a similar turbine of the same manufacturer

at Fort Peck Dam. However, these data are of considerable wvalue in indi-
cating the variation of discharge for the small differences in net head
and gate opening at the same general test conditions,

Scroll-case pressure differential

61. Differential pressures H measured at the scrcll case, Winter-
Kennedy flowmeler system, were converted to discharge @ with the equation

Q = 1953 17

derived from turbine model data and the physics of vortex flow, These dis-
charges are given in line 31 of table 2 and were used in comparisons of
the discharges measured by various methods,

62, Discharges also were computed with the equation

Q = 1977 10

obtained from the 1963 Gibson tests and are given in line 32. The dis-
charges indicated by the Ieeds and Northrup Centrimax measuring and re-
cording system are shown in line 33. The discrepancies between lines 32
and 33 may have resulted from small differences in the manometric and
mechanical measurements of the pressure differential and from small errors
in calibration adjustment of the flowmeter.

Surge tank volume changes

63. Volumetric-type measurements of discharge were computed from
the surge tank mancmeter records during the surge action fcllowing com-
plete closure of the turbine wicket gates for the pressure-momentum mesgs-
urements, The change in volume between two elevations ig compared in
lines 34 and 35 of table 2, with the volume computed by integrating the
average velocity on acoustic flowmeter path D3-U7 for the same period.

The two sets of data are for different length measurement periods.
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Comparison of Measurements

64, The discharges measured or determined by the acousgtic flowmeter,
pressure-momentum, model, and scroll-case meter methods are compared in
lines 27, 28, 29, and 31 of table 2 and in plate 5. The undistorted and
expanded comparigons in plate 5 have arbitrary reference curves for con-
venience in visual comparisons of the data points. (These curves have no
physical significance.) 7Plus and minus 1% brackets relative to the arbi-
trary curve also are shown for assistance in comparing the data points.

65, The acoustic flowmeter measurements generally agree very well
with the pressure-momentum test results given in this report and the
model rating curve adjusted with the previcus Gibscn test data. The model
rating curve values below 50% gate opvening are not considered reliable,
but they should indicate the relative effects of small variations in actual
net head and gate openings for the same general test conditicns.

66. The repeatability of acoustic measurements in the second series
of tests two days after the first series indicates a probable high preci-
sicn, Although there appears to be considerable scatter of the measurement
data in plate 5 for gate openings near 100%, most of this is believed due
to variations in actual net head and gate opening, Table 3A gives a com-
parison of acoustic measurements adjusted to common net heads, These show
an average repeatability of about 0,3% with a maximum variation of about
0.7%. Further adjustment of these measurements to a common net head of
134 ft and a large-scale plot of discharge relative to gate cpening showed
excellent agreement of test "0" with tests lg and 2g, indicating precision
of these maximum discharge measurements well within 1%. The repeatability
of all methods of measurement is compared in ftable 3B,

67. The scroll-case meter indicated discharges at least 3 to L%
lower than the cther methods, However, that system had been calibrated at
a somewhat higher head, and the local pressures at the inner piezometers
may have been affected by changes in local flow patterns caused by a larger
wicket gate opening for an equivalent discharge in the acoustic flowmeter
tests, A 4% variation in comparative measurements of the same discharge

a7

has been experienced in other tests,
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PART IV: CONCLUSIONS AND RECOMMENDATIONS
Conclusions

68, These tests were an effort to evaluate the performance of an
acoustic flow measuring instrument believed to be accurate within 1%,
with methods and equipment generally considered to be less accurate, Alsc,
it was necessary to restrict the tests to a relatively few during a single
short period because of limited funds, personnel, and plant availability.
The following conclusicons have been drawn from a study of the test results
and should be considered with respect to these conditions.

a. Discharge measurements made with the acoustic flowmeter
were in good agreement with those obtained from pressure-
momentum measurements and with rating curves derived from
turbine model tests and previous Gibson tests, Much of
the agreement was within 1%.

b. TFlow volumes computed from a continuous record of one flow-
meter path were in good agreement with several computations
of the same volume obtained from measured changes of water
level in the surge tanks,

c. The acoustic flowmeter measurements appear to be generally
more precise relative to repeated tests at approximately
the same flow conditions than those by the other methods.

d. Any asymmetry in the Oahe penstock velocity distribution
generally appeared to affect the individual flowmeter path
velocities by less than 1%.

e, A value of 0.96 for the ratic of average conduit velocity
to average path velocity seems appropriate for the Oahe
penstock and should be applicable to other long, reasonably
straight conduits with fully developed turbulent flow and
equivalent resistance coefficients. The ratios for con-
duits having different surface resistance effects should
be approximated closely by the relation

vV 2,00
YD 2,00 +NT

L. The acoustic flowmeter is a distinct advance in the art of
gaging discharge by the direct measurement of the average
velocity along a path across the flow. Although this path
velocity probably can be measured within about 0.5% of the

31



true value, as claimed by the manufacturer, the selection
of the measuring section must be such as to give a known
or measurable relation between the flow pattern of the
whole section and that along the acoustic path.

Recommendations

69, The following recommendaticns are given for any future use or

testing of the acoustic flowmeter:

Additional evaluations of the flowmeter performance in

a.,

" prototype installations should be made wherever possible.
Methods and eqguipment for comparative measurements should
be gelected and utiiized for maximum accuracy.

b, Available traversing probes should be installed in the

acoustic flowmeter transducer holes in the Oahe penstock to
obtain additiconal veloclty distribution data. These data
would be of great value in evaluating the effects of asym-
metry cn the average and path velocities.

¢, Jhe measuring section for an acoustic flowmeter should be
at a location where the velocity distribution is known or
can be determined by computation or measurement.

d. Embedded anchorages and electrical conduit in concrete-
walled conduits and reinforced ports in steel penstocks
shovld be provided during construction of any projects
where any use of an acoustic flowmeter is contemplated.
These provisions are relatively simple to install during
construction and design suggestions can be obtained from
the Waterways Experiment Station and the flowmeter
marufacturer.
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Table 1

Conduit Resistance Tests

Curve* Test, Section Tests Range of Data
Sym- Diam Age Velocity 7 Sta
bol  No. Project Name Surface £t L/D  Year yr DNo. _ft/sec 2 £ Error Data Source
[} 1 Fort Randall Cogl tar 22 2z 20 10.5 1.25><1O7 0.01053 0.00023 Germeral Dezign Memorandvm
penstock 1 enamel 1L.7 1.75%107  0.01045 bo. G-7, 1955, U. 5. Army
Missowri River, S.D. on steel Engineer District, Omsha
[+] 2  Fort Randall Vinyl 22 22 1956 20 6.4 8.11:a0° 0.00833 0,00017 General Design Memorandum
penstock 8 paint 14,6 1.BWx10T 0.00739 No. G-9, 1956, U. 8. Army
Missouri River, E.D. on steel Engineer District, Omahs
A 3  Fort Rendall Coal tar 22 29 1959 5 21.0 L7107 0.00831 ©0.00098 Unpublished data, U. §,
tunnel 10 enamel £5.8 1.46x108 0.00869 Army Engineer Waterways
Miszouri River, 3.D. on steel Experiment Station
o] L Denison Dem tunnel Concrate 20 32 1gh7- k] 65.3 1.20a08 0.00764 0.00034 ~do-
Red River, Okla. and 57 71.6  1.hox1o% o.oovée
Tex.
A 5 Pine Flat Dam conduit Conerete  Rect 54 1952 7 61.5 2.80x107 ©0.01318 0.00037 -do-
Kings River, Calif. X9 68,4 3.43x107 0.01317
o] 6  TPine Flat Dam conduit Concrete Rect sk 1954~ 6 80.5 354107 0.01750 0.00073 -do-
Kings River, Calif. 5x9 58 91.5  h.hgx1o7 5.01750
A 7 (mtario Power Co. Conerete 18 361 8 5 .0 5.88x106 0.00889 0.00059 Scobey, Bulletin No. 852,
tunnel, Niagara 20.0 2,94x107  ©,00733 152k, USDA, Washington,
Falls, Canada b. C.
© B Umatille River siphon Comerete  3.83 2550 5 5 1Lh-3.2  3.80x07 0.01481 0.00L6L -do-
Umatilla Project, 3.63 2565 2 2 Lhoh2 1.k 0.01310
Oregon
A 9  Umatilla Dam siphon Concrete 2.5 2011 Hew 3 3.4 6.00x10° 0.01406 0.00075 -do-
Umatilla Project, 3.6 6.hox1o” 0.013%
Oregon
D 10 Prosser pressure pipe Concrete 2.5h  Bgb 4 7 .9 1.01X106 0.01768 0.00151 ~do-
Yakima, Washington 5.8 1.2mact 0.01761
¥ 11 Deer Flat conduit Concrete 3.0 2kt 6 5 5.4 1.32X106 0.01368 0.00123 -da-
Boise Project, Tdaho 9.1 2,20X10 $.01333
A 12 Chelan Station Concrete 14,0 659 New 17 1.2 3.11-OJ<106 0.01123 0.00039 Fosdick, Trans., ASCE,
conduit, State of 1.8 1.69x107 0.01056 Yol. 101, 1936
Washington
0 13 Enid Dam tunnel Concrete 11,0 5 1958 [ a 37.0 2.587(107 0,01290 0.00062 Unpublished data, U, 3.
Yoeona River, Miss. 36.9 2.71x107  0.01290 Army Engineer Waterways
Experiment Statiom
1 1k  Oahe Dam tunnel Concrete 18.25 36 1960- 4 36.7 T.37X107 0.00690  0.00079 -do-
Missouri River, §.D. &2 Bl g.1mao’ o.00682
0 15 Sen Gabriel penstock Enameled L.23 118 1953 3o 6.0 18306 0.01162 0.00068 Burke, Trans. ASCE,
Los Angeles County, steal 36.0 l.l?)G.O? 0,01037 Vol. 120, 1955
Calif.
¥ 16  San Gabricl penstock  Enameled 10,23 Lo 1953 26 7.3 5.57><_106 0.00880 0.00031 -do-
Los Angeles County, steel Lg.9 3.81)-(107 0.00653
Calif.
O 17 Garrison Dam penstock Vinyl 24 32 1956  New 26 8.0 1.5%007 0.00761 0.0001G Friction Loss Tests in
Missouri River, M.D. peint 15.5 2.96107  0,00698 Penstock No. 1, 1957,
on steel U. 8. Army Engineer
District, Garrison
O 18 nNiagara-Sir Adsm Beck Concrete L5 Goh 1954 New 6 8. 3.26x107 0.00769 0.00019 Bryce and Welker, The
tunnel, Canada 15.1  5.66a07 0.00747 Engineering Journal,
August 1959
0 19 ILouisville sewer Plastic o.klgo 508 1949  DNew 16 1.18  L.8oxao® 0.0206 -- Unpublished data, U. S.
model and 762 3.15 1.13x10° 0.0168 Army Engineer Waterways
0.330 Experiment Station

* The curve symbols and rumbers are those in fig. 2.






Table 2
Test Schedule and Data Summary

Line Line
1 Approximate Gate Opening (See Line 19) 0% (static) 17% (SNL) 20% L0% 60% 80% 100% 1
2  Test Number (Chronological) la 2a 1b 2b ¢ 20 1d 2d Le 26 if 2f lg og 0 2
3 Date (November 1964) 3 5 3 5 3 5 3 5 3 5 3 5 3 5 2 3
4 Time (a = observation; b = load rejection) a-1110 a-1000 a-1110 a=-10L40 b-1220 b=1P15 Db-1340 b-1330 b-1510 b-1451 b-1630 b-1610 b-1830 a-1700 b-1351 L
5 Water Temperature, C 12.5 .7 12.6 11.9 2.5 12.3 1206 125 12.7 8.7 12.6 12.9 12.6 12.7 13.0 5
6 Air Temperature, C 22,0 19.5 22.8 22.0 25.0 29.8 24.0 23.8 22.8 23.3 2Y.5 23.0 20.0 22.6 25.0 6
7 Pool Elevation, ft msl 1559.14 1559.02 1559.15 1558.99 1559.18 1559.07 1559.19 1559.11 1559.26  1559.05 1559.29 1559.16 1559.09 1559.10 1559.04 7
8 Surge Tank Manometer, ft msl 1559.1 1559.0  Osecid Osecil 1559.0 1558.7 1557.6 1557 . 4 1555.3 1554.9 15525 1552,2 1550.1 15L49.6 - 8
9 Net Head Manometer, ft msl 1559.1 1559.0 1559.0 + 1.0 1558.8 + 1.0 1558.9 1558.6  1557.0 1556.6 + 0,5 1553.5 1553.0 + 1.0 1549.5 1549.3 1546.1 1545.8 1539.8 9

10 Tailwater, ft msl 1422 ,62 1422,95 1h422.60 1422.60 1422.16 1422.09 1420.72 1k420.L48 1420.3%  1419.92 1420.55 1419.90 424,53 1420.36 1421.65 10
11- Gross Head, ft (L7 - L10) 136.5 136.1 136.6 136.4 137.0 137.0 138.5 138.6 138.9 139.1 13849 139.3 134.6 140.7 137.4 2§
12 Head Loss Along Penstock, ft (L1l - L13 - Llk) 0.0 0.0 0.0 0.0 0.0 3:2 9 1.8 2.5 2.8 4.3 L4 5T 5.8 11.8 12
13 Penstock Velocity Head, ft (D = 20.5 ft) 0.0 0.0 0.2 0.2 0.3 0.3 1.3 T3 3.2 3.2 Se 5.5 7.3 Te5 T3 13
14 Net Piezometer Head, ft (L9 - L10) 136.5 136.1 136.4 136.2 136.7 136.5 136.3 13641 3332 133.1 128.9 129.4 121.6 125.4 118.2 1k
15 Residual Velocity Head in Tailrace, ft 0.0 0.0 0.0 0.0 0.0 0.0 gl i 0.2 0.2 0.4 0.4 02 0.5 0.4 15
16 Net Total Head, ft (Llk + L13 - L15) 136.5 136.1 136.6 136.4 137.0 136.8 1275 137.3 136.2 136.1 134.0 134.5 128.6 132.4 125.1 16
17 Servomotor Piston Stroke, in. 3-5/64  3-4/64  6-9/6k 6-5/64 6-b1/64 6-L41/64 10-15/64 10-15/64 13-57/64 13-56/64 17-30/64 17-31/64 21-3/64 21-7/64 21-23/64 17
18 Relative Servopiston Stroke, % 0 0 16.8 16.4 19.5 19:5 39.1 39.1 59.2 59.1 T8. T 78.8 98.3 98.6 100.0 18
19 Computed Actual Wicket Gate Opening, % 0 0 14.8 1h.h 17.5 7.5 37.7 37.7 58.2 58.0 78.2 78:3 98.5 98.8 100.0 19
20 Unit 1 Power Output, mw 0 0 0 0 3 3 26 26 L6 L6 63 63 67 70 69 20
Acoustic Flowmeter Measurements
21 Velocity in Path D1-US5, fps +0.07 -0.0L4 2.90% 2.64 3.19 BB 6.95 7.09 -- 10.85 14.22 1L Uo** 16.57 16.90 16.73 21
22 Velocity in Path D2-U6, fps +0.,04  +0.02 3.03% 2.60 3.26 3.22 712 7.10 10.88 10.97 14.31 14.30%%  16.53 16.7k4 16.75 22
23 Velocity in Path D3-U7, fps -0.04  -0.05 2.4ox 2.52 3.16 3.16 Tuld 6.96 10.90 10.97 1k.4o 1hk.35% 16,46  15.79t 1647 - 23
2k Velocity in Path DL4-U8, fps 0 +0.03 2,32% 205 3.14 3.10 6.85 6.99 10.96 10.78 14,37 14, b7 16.39 16.63 16.21 24
25 Average Path Velocity, fps +0.,02 -0.01 - 2,58 3.19 3.16 7.01 7.0k4 10.91 10.89 14,32 14.38 16.49 16.76 16.54 25
26 Average Conduit Velocity (L25 x 0.96), fps +0.,02  -0.01 --% 2.48 3.06  13.03 6.73 6.76 10.47 10.45 13:75 13.80 15.83 16,09 1588 - 26
27 Penstock Discharge, cfs 0 0 - 1120 1380 1370 3050 3060 k740 L7hko 6220 6240 7160 7280 7190 27
28 Pressure-Momentum Discharge, cfs -- - -- -- 1390 1340 3080 3080 4570 L720 6160 6290 7360 2= 7300 28
29 Model Discharge (with 1963 adjustment), cfs 0 0 8101t 78011 1080tt  1080tt  2960tt 29601t 47ho 4720 6250 6270 7170 7290 7110 29
Scroll-Case Flowmeter
30 Manometer Differential, ft Hp0 0 0 0.304 0.282 0.428 0.429 2.216 2.142 5.282 5.24k 9.110 8.878 L8961 - 12,161 = 30
3l Model Data and Vortex Theory, cfs 0 0 1060 1020 1260 1270 2940 2880 4580 4560 6050 5970 6930 7020 Pl 43
32 Calibration from 1963 Tests, cfs 0 0 1070 1030 1280 1280 2980 2930 4660 LéLo 6170 6090 7070 7160 -- 32
33 Plant Recording System, cfs 0 0 1090 1000 1300 1290 2940 2950 4560 L560 6000 5940 6920 6940 -- 33
Surge Tank Volume Change Measurements
34 Acoustic Flowmeter Record, 1000's of ft3 .- -- -- -- -- 62.8 k2.3 -- 99.7 68.0 -- 128.4 91.k -- 143.5 99.5 s -- -- 3k
35 Water-Surface Elevations, 1000's of ft3 - -- -- -- -- 62.2 L3.6 -- 105.4 68.5 -- 133.9 92.2 -- 155.6 107.4 -- -- -- 35
36 Reynolds Number (from L5 and I26), x 10° -- -- -- bk 5.6 5.5 12:3 12.4 19.3 19.2 25: 2 25.4 29.0 29.6 29.4 36

¥ Affected considerably by surge tank oscillation. ¥% Data from sequential 10-sec samples. t 1Isolated occurrence; not used in average. tt Extrapolated below 50% gate opening.







Table 3

Comparison of Discharge Measurements at Common Net Heads

A. Acoustic Flowmeter

Adjusted

Gate Net Measured Adjusted* Varia- to 134-Tt

Upening Head Discharge Discharge tion Net Head
Test % 't cf's cf's % cf's

Zb 144 136.L4 1120 -- -- -

lc 17.5 137.0 1380 1380 -- 1365
2¢ 17.5 136.8 1370 1371 -0.65 1356
14 37.7 i37.5 3050 3050 -- 3011
24 37.7 137.3 3060 3062 +0.39 3023
le 58.2 136.2 L7ho L7ho -- W7ol
2e 58.0 136.1 L7ho Wy +0.02 4703
1f 78.2 134.0 6220 6220 -- 6220
of 78.3 13h.5 6240 6228 +0,13 6228
lg 98.5 128.6 7160 7160 -- 7309
2g 98.8 132.4 7280 7174 +0.20 732k
"o 100.0 125.1 7190 -~ - 7Ll

B. Variation for All Methods

Variation, %, for Given Methods
Tests Acoustic Pressure Model Sceroll-Case Flowmeter
Compared Plowmeter Momentum (1963 Adj) Model 1963 Calib Recorder

le-2¢ 0.65 3.53 - 0.87 0.08 0.70
1d-24 0.39 C.06 -- 1.97 0.61 0.41
le-Pe 0.02 3.31 0.40 0.4 o1 0.02
1£-2F 0.13 1.90 0.11 1.15 1.4g 1.20
lg-2g 0.20 -- 0.20 0.17 0.21 1.17

Avg 0,28 2.15 0.2k 0.91 0.76 0.70

% Discharges (Q) of 2¢, 24, ete., adjusted to respective net heads (H)

of tests lc, 1d, ebe., by Q4. = Qmeas'\IHl/H2 . Differences in paired

gate openings assumed negligible,
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MANHOLES CONTAIN PLUGS WITH CURVED INSIDE
FACE MATCHING INSIDE SURFACE OF PENSTOCK.
TRANSDUCER DIMENSIONS SHOWN ON SKETCH ARE
THEORETICAL FOR DESIGN. ACTUAL DIMENSIONS
ARE GIVEN IN TABLE.

ACOUSTIC FLOWMETER
TEST SECTION
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APPENDIX A: SUMMERSVILLE DAM ACOUSTIC FLOWMETER
INSTALLATION AND TESTS, MARCH 1966

Introduction

Pertinent features of the prototype

1. Summersville Dam (fig., Al) is located in Nicholas County, W. Va.,

3L4.5 miles above the mouth of Gauley River and zbout 5 miles southwest from

Fig. Al., Summersville Dam, Gauley River, W. Va. Outlet
works at lower left with conduit 3 discharging

the town of Summersville (fig. A2). The dam is a rock-fill structure,
375 £t high and 2280 ft long. Total storage capacity of the reservoir
is hlS,MEB acre-ft of which 390,611 acre-ft is reserved for flood-control
storage above minimum pool {(elevation 1520). Water is normally released
through the flood-control conduits. A 1250-ft wncontrolled saddle spill-

way with a crest elevation of 1710 is provided for emergency releases.

Al
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Fig. A2, Vicinity map

Cutlet works

2. The Summersville Dam outlet works consists of a 29-ft-diam
tunnel about 1700 £+ long discharging through a manifold system of three
11-ft-diam conduits averaging about 210 £t long. The outflow is con-
trolled by a 9-ft Howell-Runger valve at the downgiream end of each 11-ft
conduit, A 3-ft-diam bypass pipe with a 2—1/2—ft Howell-Bunger valve
branches from the upstream 11-ft conduit to discharge low flows. A butter-
fly emergency wvalve is lecated about two diameters upstream from esch
Howell-Bunger valve. Details of outlet works and wvalves are ghown in
plates Al and A2,

Acoustic flowmeter

3. An acoustic flowmeter system has been installed in the outliet
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works for operational gaging of discharges through the tunnel, conduits,
and bypass pipe. This system was manufactured by Westinghouse Electric
Corporation and previously tested in a 2h-ft penstock at Oahe Dam. The
locations of the acoustic flowmeter transducer palirs are indicated in
plates Al and A2.

Piezometer system

4, The hydraulic grade lines in the outlet works can be measured
with six pairs of piezometers along the concrete- and steel-lined 29-ft
tunnel and three pairs along each of the 11-ft steel-lined conduits. The
data can be used to determine surface resistance losses, manifold tri-
furcation losses, and discharge coefficlents for the tandem butterfly and
Howell-Bunger valves.

Flow conditions

5. Upon campletion of the outlet works and the initiation of
operation (March 1966), the reservoir was at about crest elevation

(1710 msl) of the uncontrolled spillway. This gave a head of about 316 £t
above the center line of the 11-ft conduits. The maximum outlel works

capacity at this elevation is about 20,000 cfs.
Purpose and scope of tests

6. The hydraulic prototype tests were made to confirm operational
readiness and obtain discharge constants for the acoustic flowmeter
system. Measurements of piezometric pressures along the tunnel conduits
were obtained for definition of the hydraulic grade line.

7. The acoustic flowmeter tests consisted of readings of the flow-
meter output for each of the five units (tumnel, 3 conduits, and pipe) at
each of several combinations of wvalve openings, as given in table Al.
Stream-gaging measurements were made for a few of the flows as a gross
check of the flowmeter performance. The piezometric pressures were
measured and recorded for some of the combinations of valve opernings
used for the acoustic flowmeter tests and are the subject of a separate
report in preparation. The acoustic flowmeter measurements of discharge

are an integral part of the data cobtained in those tests.

A3



Acoustic Flowmeter Installation

8. As can be seen in plates Al and A2, 10 acoustic flowmeter boxes
had been provided in the 29-ft tumnel, the three 11-ft conduits, and the
3~-f't low-flow bypass pipe. An extra set of transducer box cover plates
had been furnished the flowmeter manufacturer for mounting the transducer

adapter assemblies (see fig. A3). It had been originally planned that

Fig. A3. Transducer adapter assembly. (See
fig. 6 of main text for additional detail;
outside plate 7-3/L in. in diameter)

"in the dry" while another con-

the flowmeter installation would be done
tractor was completing trifurcation construction. Unforeseen construction
difficulties caused delays in trifurcation constructicn which delayed
flowmeter installation beyond the fall of 1965 into the spring flocd season.
Installation, therefore, had to be done under a very high head and conse-
quent large leakage in the tunnel and conduits.

9., Water levels in the three 11-ft conduits during installation
were about 2 ft above the invert and 10 ft in the 29-ft tunnel. Water
temperature was 40 F. Scaffolding placed across the 11-ft conduits was
used to install the three transducer assembly pairs in the conduits. A
temporary sandbagged cofferdam was used to stop about 6 in. of flow at
the intake into the 3-ft bypass pipe. Access to the 29-ft tunnel instal-

lation was more complicated because of the greater water depth and
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inability to carry a boat through the Howell-Bunger valves. A contractor
completing grouting work required access to the trifurcation area and his
raft of four 55-gal drums could be used during night hours but was not
very maneuverable against the leakage current in the tunnel.

10. A number of other difficulties were encountered and worked out
during the installation. All pull-box cover plates and transducer assembly
covers were bolted on as tight as possible using gaskets and sealing com-
pound. Rubberlike potting compound was molded around the transducers to
streamline them and to minimize possible damage from debris. The trans-
ducers were aligned with an optical sighting device, The instrument con-
sole was installed near the valve control panel (see fig. Al4).

11, In az static pressure test

heavy leakage began through all elec-

trical conduits and increased in se=
verity as the gtatic pressure in-
creased. Leakage through the two

electrical conduits from the 3-ft
bypass flowmeter boxes was espe-

cially critical because it flowed

into the lower part of the valve
control panel., Additional leakage

problems develcped in other parts

of the structure, and it was de-
cided to curtail the operation.
12. Temporary seals for the

electrical conduits were improvised

from pipe fittings and paraffin.

Fig. A4. Flowmeter circuitry console
(center) with recorder (left). Valve
surized, the electrical conduit controls at right

When the outlet works was repres-

leakage had been reduced to the approximate equivalent of a l/8—in. stream
falling by gravity from the outlet of each conduit. All circuits appeared
to function properly. When the tunnel and conduits were unwatered a year

later, standard compressicn-grommet fittings were installed to replace the

improvised seals.
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Test Results

13. Discharges as indicated by the acoustic flowmeter and measured
by a U. 8. Geological Survey stream-gaging party are given in table Al.
The sums of the discharges from the individual 11-f% conduits agree with
the totals in the 29-ft tunnel within 1.0% for seven, 2.5% for three, and
6.2% for one of the eleven operations. The conditions of less agreement
generally occurred when the middle (No. 2) conduit was in operation. Flow
in the No, 2 conduit seemed more turbulent than in Neos. 1 and 3, as evi-
denced by the pilezometer measurements, fluctuations in the indicated dis-
charge (up to +5%), and vibration and drift of the butterfly valve, This
turbulence may have been initiated by flow conditions at the conduit en-
trance in the trifurcation.

14. The USGS measurements agreed with the totals in the 29-f%
tinnel within 5.0% for four, 7.5% Tor three, and 15% for two of the nine
measurements., All the USGS measurements were higher than thoge indicated
by the flowmeter. Thege were the firgi stream-gaging measurements made at
the new gaging station downstream from the project and the flow may have
been affected by a number of large boulders in the chammel., Maximum ve-
locities were from 5 to 11 fpg in the channel.

15. The acoustic flowmeler had been set to give the average veloc-
ity across the whole cross section as 96.5% of the average velocity meas-
ured across the acoustic path. Thig corresponds cleosely to the theoretical
value of 96% for a smooth pipe and 97% derived from measured velocities at
Fort Randall Dam for flows at similar Reynolds numbers. Although additional
check measurements may indicate a need for slight modification of this
factor (96.5%), a change at this time is not recommended. Project operation
by the District possibly could include additional stream-gaging measure-
ments and various combinations of wvalve openings to provide more data
for verifying or adjusting this factor for each path.

16, A few oscillograph records were obtained of the analog signal
input to the digital voltmeter of fthe flowmeter. Some of the fluctuationg
recorded at the higher valve openings were attributed to momentary signal

dropouts followed by recovery. This behavior appeared to be corrected by
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subsequent replacement of one of the components in the circuitry. Turbu-
lence in the flow also caused small fluctuations in the measured velocity.
Averages of simultaneous geries of readings from both the digital volt-
meter and the oscillograph were in very good agreement for some comparisons
made only at lower valve cpenings. A test problem from a built-in test
component can be activated at any time to check proper functioning of most
of the flowmeter circuits.

17. Path 4 of the flowmeter failed to function at valve openings
above about 40%. This was believed due to a high noise level in the 3-ft
pipe which triggered the recelving circult continucusly. Subsequent instal-
lation of more attenuation in the circuit permitted operation up to valve
openings of 95%. It also was found that the 1l-ft-conduit paths behaved in
a similar menner at valve openings of about 70%. The manufacturer has

corrected this condition.
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Table Al

Summary of Test Conditions and Discharge Measurements, Sunmersville Dam

Approx- UsGs Comparison
imate Tail- 11-ft Conduit Acoustic Flowmeter Digcharges, cfs*¥ Measure- with
Test Time Pool water Valve Openings,* % 11-ft Conduitg ment Turnel, %
No. EST Fl, msl Ei, msl No. 1l No.2 HNo. 3 No. 1l HNo.2 No, 3 Total Tunnel cfs Total UsSGs
25 March 1966
1 1300 1708.92  1362.0h 20.0 20.0 20,0 1820 1960 1770 5,550 5,500 8,320 +1.0 +15.0
2 1600 1708.90  1361.94 0 20.0 20,0 o) 1960 1820 3,780 3,760 3,980 +0.6 +6.0
26 March 1966
3 o825 1707.1  136L,53  2b,5 25,0 24,7 22320 2420 2250 6,900 6,800 7,130 +1.5 +5.0
L 1430 1706.43 1367.17  70.5 0 69.8 5560 0 5600 11,160 11,200  11,8%0 -0.h +6.0
5 1745 1705.66 1369.3S  70.3 70.0 £9.8 5600 5260 5520 16,380 16,800 17,660 -2.5 +5,0
27 Mareh 1966
6 0930 170k,55  1362.68 25.5 0 24,5 2270 0 2220 W, oo b 500 5,040 -0.3 +12.0
7 1120 170h. 4 1363.40 0 70.0 0 0 5330 0 5,330 5,680 6,110 ~6.2 +7.5
8 1415 1704k.21  1360.55 0 25.5 0 0 2420 0 2,420 2,430 2,530 -0.b +4.0
9 1630 1703.95  1366.84 ho,5 ho.s Lo.s 3560 3680 3550 10,790 10,600 10,830 +2.0 +2.3
10 1800 1703.72  1363.67  69.0 0 0 5670 0 0 5,670 5,700 - -0.6 -
11 1840 1703.67  1363,80 o] 0 69.0 0 0 5580 5,580 5,550 -— +0.6 -

*
ke

Valve opening as indicated at operating mechani sm,
Average value from recorder chart.
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