
No. 1902 

THE SALT VELOCITY l\1ETHOD OF 
'VATER MEASUREMENT 

BY CHARLES M. ALLEN,1 WoRCESTER, MAss. 
Member of the Society 

and 
EDWIN A. TAYLOR,2 'VORCESTER, l\lASS. 

Non-Member 

1'his paper describes a new method of water measurement called tha 
Salt l' elocity Jlf ethod. 1'he authors outline the theory and development 
of the method, describe the apparatus and methods of computation used 
in laboratory and field tests, gite an account of several commercial tests, 
and present for discussion the claims of the method for. a high degree of 
accuracy and reliability. 

Ii\TRODUCTION 

DURING the past fe\\' years the engineering societies and the 
technical journals haYe published many articles and dis­

cussions on the measurement of water power and on the design, 
tests, and efficiency of water wheels and settings. Dut very little 
has been published recently dealing with the measurement of water 
in flumes, pipes, and penstocks, and particularly with the relia­
bility and accuracy of various methods and their applicability to 
the field testing of modern .or recently designed water-power 
units. 

2 The most accurate known method of measuring water is by 
weighing, but this method is limited to comparatively small 
quantities. Other methods which have been used with varying 
degrees of accuracy are floats, weir, current meter, pitot tube, 
venturi meter, color velocity, moving screen, chemical method, 
and the Gibson method. 

3 Measuring water by means of floats in the canal is sometimes 
done, but conditions are seldom found where accurate results can 
be obtained by this method. 

4 The weir, properly designed and used, will indicate the dis-
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charge within one or two per cent of the true quantity, but on 
account of loss of head and construction costs and the difficulties 
in obtaining uniform velocities of approach, the weir is usually not 
practical. If a weir can be calibrated by another more accurate 
method, as is sometimes possible in laboratories, it then becomes 
as accurate as the check method. 

5 The current meter can be used in open channels of some 
.power plants, preferably in the forebay and in the tailrace only 
when quiet water conditions prevail. If water conditions are good 
and the meter is properly rated and used, it should give results 
well within commercial requirements. 

6 The pitot tube in various forms can usually be used at a 
reasonable cost in wood or steel penstocks. The pitometer, which 
consists of a pair of pitot tubes and is capable of being reversed, 
is an accurate and convenient form of this instrument. 

7 The venturi meter is accurate, but unless the meter has 
already been installed, its cost would prohibit the installation for 
tests alone. 

8 The color velocity method is only applicable to fairly long 
pipe lines. It appears to be very accurate, but up to date com­
paratively few tests have been made with this method, and as yet 
no means of recording graphically the passage of the color are 
available. 

0 The moving screen, although very accurate, is applicable 
to permanent laboratory installations only and has been rarely 
used in the United States. 

10 As so far developed, the chemical method with salt solution 
is very accurate when properly used, but it is relath·ely expensive. 

11 The Gibson method is a very accurate method in pen­
stocks of considerable length. 

12 For many power plants, and particularly the recently 
designed low-head plants with short concrete penstocks of varying 
cross-section, all of the above methods are too expensive or too 
inaccurate, and none of them are universally recognized as a 
standard for field testing. All of them possess inherent disad­
vantages under the various conditions present in commercial 
tests. For some time a growing need has been felt for a simple 
and accurate method of measuring water under the above comli­
tions and the salt velocity method has been developed to meet 
those conditions, as well as the conditions found in long penstocks. 

THEORY 

13 The salt velocity method of water measurement is based on 
the fact that salt in solution increases the electrical conductivity 
of water. Salt solution is introduced near the upper end of the 
conduit, and the passage of the solution across ouc or more pairs 
of electrodes, at other points in the conduit, is recorded graphically 
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by electrical recording instruments. The passage of the salt solu­
tion between two points is accurately timed, and the volume of the 
penstock between the same points is accurately determined. The 
discharge in cubic feet per second equals the volume in cubic feet 
divided by the time in seconds. 

HISTORICAL 

14 So far as is krto\vn by the authors, no successful application 
of this method of measuring water has ever been made previous to 
1921. Early in that year the development of this method was 
commenced with laboratory tests at the Worcester Polytechnic 
Institute. In September, 1921, the first commercial tests were 
made on two units of a power plant. In 1922 the authors conducted 
extensive investigations at the Alden Hydraulic Laboratory of the 
Worcester Polytechnic Institute, and at the po>ver plant of the 
Laurentide Po,,·er Company, at Grand ).!ere, Quebec. In the fall 
of that year ten successful commercial tests were made. Both 
the laboratory investigations and the commercial tests have beeu 
continued in 1923. 

SECTIO:\"S OF pAPER 

15 This paper is divideu into six sections, each section cover­
ing a certain period of time and a certain group of tests as follows: 

I 1921 Laboratory Inve;;tigatious 
II 1921 Commercial Tests 

III 1922 Laboratory Investigations 
IV 1922 Fielu Investigations 
V 1922 Commercial Tests 

YI 1923 Laboratory Investigations 

1G Each group of inYestigations hau a common objective, i.e. 
the Jeterm.ination of the accuracy and reliability of this method 
of water measurement. But in each group different plants, appa­
ratus, or methous of testing were used, and each group had its 
O>m objecti,·e independent of the common object. The six groups 
or sections marked six distinct steps in the deYelopment of the 
method to its present state. 

I- Hl21 LABORATORY 1:\'TESTIC.\TIO:\S 

OBJECT 

17 The object of these tests was to iuvestigate the practical 
possibilities of the salt velocity method. By visualizing an in­
fmite number of floats equally distributed over the cross-section 
of the conduit, with each little float recording its own velocity and 
the whole group automatically recording a composite picture of 
velocities, the theoretical possibilities of this method can be readily 
understood. 
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PLANT 

18 The plant used for these first tests was Plant No. 1 of the 
Alden Hydraulic Laboratory of the Worcester Polytechnic In­
stitute, Worcester, Mass. Fig. 1 shows the layout of this plant. 
The water supply is from two ponds with a combined area of 200 
acres, and a constant head can be maintained for long periods. 
A total fall of 35 ft. is available. • 

19 The penstock is a riveted steel pipe about 450 ft. long. 
From the pond to within ten feet of the laboratory the diameter 
of the pipe is 40 in. In the laboratory are a 36-in. by 16-in. venturi 
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FIG. 1 SK>:TCII OF ALDEN HYDHAULIC LADORATOHY AND PENSTOCK, 

'" ORCESTER POLYTECHNIC lNSTITUTB 

meter, an 18-in. horizontal water wheel with cylindrical case, and 
a conical vertical draft tube discharging into a tailrace at the 
lower end of which is a 10-ft. standard sharp-crested weir with 
end con tractions. 

APPARATUS AND lllETIIODS 

20 In these tests, as in all subsequent tests, the apparatus 
in general consisted of a salt injector and electrodes in the pen­
stock together with signaling and timing devices. 

21 Salt Introduction. In the very first tests raw salt was in­
troduced into the penstock, the operator punched the stop watch 
and then ran down the road to the laboratory where an ammeter 
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was connected to the electrodes, and the operator again punched 
the watch on deflection of the meter needle. 

22 The first improvement in the introduction of salt was a 
closed metal box containing a charge of salt which was lowered to 
the mouth of the penstock by a pole. The charge of salt was re­
leased when the hinged sides of the box were raised by wires oper­
ated from a platform over the head gate. Raw salt or solution 
was also placed in paper bags tied to a pole, and when lowered to 

Fw. 2 II E.\D (;.,TE, :\IorTH oF l'EN~TOCK -'"" 2-IN. 

ql·l<'K-.-\CTINU \'.\LVI: 

• 

proper position the bags were broken by a sudLlen motion of the 
pole. 

23 Later, salt was injected in a solution piped from an eleYated 
mixing tank over the head gate. A 2-in. pipe led to a quick-acting 
valve, operated by a rod from the surface platform. The valYe 
was fitted with a vertical deflecting plate and scavenging tubes 
and was placed facing downstream in the plane of the penstock 
entrance. The strength of the charge could be Yaried by changing 
the degree of saturation of the solution or by throttling at a slow­
motion valn in the feed pipe. Fig. 2 sl:ows tlw head gate, pipe, 
and valve. 
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24 Electrodes. The first pair of electrodes used were thin strips 
of copper, 38 in. long and 2 in. wide, spaced 2 in. apart by wooden 
blocks. These electrodes were placed in a horizontal position 
across the center of the pipe and held in place by wooden wedges. 
A similarly constructed electrode 6 in. long was used for traversing 
the pipe. Tllis electrode was fastened to a rod passing out of the 
pipe through a stuffing box and could be held at any position along 
the diameter of the pipe. Usually during a traverse this small 
electrode would be held in ten different positions. 

25 Later, several electrodes were made of thin copper strips 
t in. wide and 4 in. long, spaced Is in. 
apart. These electrodes were attached to 
short pitometer rods, rubber-covered wires 
being substituted for the original pitot 
tubes. The rods were packed and then 
screwed to nipples in front of gate valves. 
This fonn of electrode could be placed in 
any position across the pipe, rotated to 
free itself from debris, or withdrawn en­
tirely. Fig. 3 shows a 6-in. and a 
traversing electrode. 

26 ,1[ eters. All electrodes were con­
nected by wires and switches to the indicat­
ing meters. In 1921 only indicating volt­
meters and ammeters were used to record 
the current between the electrodes. Direct 
current at 110 volts was used on the cir­
cuits. 

Fra. 3 ELECTRODEs 27 Timing. Soon after the first few 
l.·sEo rx LABoR_,_ tests had been made, a telephone line be-
TORY, I\J2I tween the pond and laboratory replaced 

the running operator. The stop watches 
were 4then started Ly the operator at the laboratory on verbal 
signal from the pond operator, and the time was observed at 
various stages of the needle deflection. As a rule, two watches 
were used. The first watch was stopped on the initial appearance 
of the salt, the second watch at final appearance, and the inter­
mediate stages were observed by metronome with the second 
watch running. 

28 Standard of .l!casurement. The standard of measurement 
used in these tests was the 10-ft. weir at the lower end of the 
laboratory. 1\vo hook gages in isolated stilling boxes at either side 
of the tailrace indicated the heads on the weir. The zero point 
on these gages and the level of the weir were frequently tested. 

29 Kumber of Tests. Including trials, about 400 charges of 
salt solution (one charge called a ''shot") were used in these tests, 
which were grouped into 30 runs of from 10 to 20 shots at each 
gate opening. Huns at each gate opening "·ere repeated six to 
eight times. 
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Cm.IPUTATIONS 

30 During the 1921 series of laboratory tests, the computation 
of the discharge by the salt velocity method for comparison with 
the quantity indicated by the weir was made by three different 
methods: 

1 The time was computed from the moment of salt intro­
duction to the initial appearance of the salt at the elec­
trodes, i.e., the beginning of the curve, and a coefficient 
1.095 was computed to give the true Q. This coefficient 
remained constant for all gate openings and velocities. 

2 The time was computed from the moment of salt intro­
duction to the point of mean time between the initial and 
final appearance of the salt at the electrodes, i.e., half-way 
between the beginning and end of the curve, and coeffi-
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cients were computed to give the true Q. These eoefii­
cients Yaried and no constant could be estalJ!ished. 

3 The time was computerl from the moment of salt introduc­
tion to the moment of maximum density of the salt solu­
tion passing the electrodes, i.e., the point of maximum 
deflection of the needle or the peak of the curve, and a 
coefficient was computed to yield the true Q by weir. 
This coefficient was approximately 1.00 (averaged 0.9975). 

31 The length and diameters of the section of pipe used were 
carefully measured and the volume of the section computed. Then 

Vol. (cu. ft.) ( 
T

. ( ) = Q cu. ft. per sec.) 
1me sec. 

32 The quantity by weir waR computed by the Francis formula, 
namely, Q = 3.33 (b - 0.2h)h312 . The heads over the weir crest 
varied from six inches to one foot. 
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RESULTS 

33 The results of computations by each of the foregoing methods 
are given in, Tables 1 and 2. The series of tests in Table 1 were all 
made by injecting solid salt through the metal box. This table 
was taken from a thesis by Messrs. Bijur and Scanlan of the 
class of 1921, Worcester Polytechnic Institute. 

TABLE I RESULTS C0:\1PUTED FROM TC\1E OF 1:-<JTIAL APPEAR­
AXCE OF SALT AXD FR0:\1 1\fEAJ\ OF TOTAL APPEARANCE 

Q b , Q computed, V , t' Q computed, \' , . Q computed, V , t' y weir, 1 . 095 X aria IOns, 0 _865 X arJattons, 0 _900 X ana Ions, 
second-feet initial time per cent mean time per cent mean time per cent 

6A 6.4 0.0 7,3 + U,l 7.0 + 9.4 
13.6 13.4 -1.5 13,7 +0.7 13.2 -2,9 
18.1 18.3 + 1.1 18.1 0,0 17.4 -3,9 
21.4 21.4 0.0 21.4 0,0 20,6 -3,7 
26.3 26,5 +0.8 26,3 0,0 25.3 -3,8 
32.0 32,0 0,0 30,6 -4.4 29,6 -7.5 
35.6 35.7 +0.3 32,6 -8,4 31.4 -11.8 
21.8 21.8 0,0 23.4 + 7,3 22,5 + 3,2 
24.9 2-L9 0,0 26.6 + 6.8 25,6 + 2,8 
29.9 29.!1 0,0 31.8 + 6.4 30,6 + 2.3 
31.6 31.3 - 1.0 Traverse 
32.0 32.0 0,0 33,3 +4.1 32,0 0,0 

TABLE 2 RESULTS CO:viPUTED FR0:\1 TIME OF l\1AXIMU:\I 
DENSITY OF SALT 

Solid Salt or Solution in Paper Bags Salt Solution Through Pipe and Valve 
Gate Coefficient = 

opening, ~-e~~ :\lax. time by salt 
per cent True time by weir 

Gate · Coefficient = 
opening, ~-~~ ~lax, time by salt 
per cent True time by weir 

20 13.4 1.008 40 18.3 0.998 
40 18,8 I. 002 40 18.2 0.989 
60 22,8 0.99! 20 14.4 0.989 

100 29.2 1.000 40 19,G 0,999 
Avg. 1.001 GO 23.9 0,995 

so 27.3 0.999 
100 28,9 1.005 
80 27.6 0.998 
30 17,5 0.99.') 
;,o 22.:~ 0.998 
so 27.4 1.002 
30 ]6,!1 0.990 
;)() 21.S 0.990 
70 25.(j 1.000 

100 30,0 1001 
Avg. 0.997 

34 Figs. 4 and 5 show cun·c~ with the meter deflection plotted 
on time in seconds. Fig. 6 shows a cunc of true time, as deter­
mined by the weir, plotted on rii,;charge, with the results by the 
salt Yelocity method spotted in circles and crosses. Fig. 7 shows 
curYes illustrating the percentage of the true Q (by weir) obtained 
by computing the salt Yelocity results, using the time of initial 
appearance of the salt, the mean between the initial and final 
appearance, and the time of maximum density of the salt. During 
the tests the interior of the pipe was cleaned, and the results are 
shown both before and after cleaning. 



C . .\!. ALLEN AND E. A. TAYLOR 293 

CoNCLUSIONS 

35 These first laboratory tests showed conclusively that the 
tests could be made and repeated indefinitely with consistent 
results. It showed an apparently constant relation between the 
initial appearance of the salt at the electrodes and the time of 
maximum density of the salt passing the electrodes. \Vhen properly 
computed the discharge by the salt Yelocity method checked the 
true Q by weir within about one per cent for single runs, nne! much 
closer for a long series of runs. 

3G Prior to and during these laboratory tests on salt velocity 
a number of tests were made hy the color velocity method. A 
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strong solution of a red aniline dye was enclosed in paper bags 
which were broken at the penstock entrance, and stop watches 
were used for timing. At the lower end of the penstock an open­
ended 2-in. glass pipe was used to obsene the appearance of the 
color. This glass was arranged with a white background. By 
taking the mean time between the initial and final appearance of 
the color the results checked very closely with the results by salt 
velocity. (See Fig. 6.) 

37 The reason why the mean time gaYe accurate results by 
color but not by salt was because with color the eye cannot detect 
the color when well diluted with penstock water. If a curve of the 
real color appearance could be made, the portion of the curve 
visible to the eye would be approximately the upper third only, 
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and this portion of the curve is symmetrical. With salt the whole 
curve is visible and the two ends are usually not symmetrical. 

II -1921 COl\I:i\IERCIAL TESTS 

38 In September, 1921, tests were made of two hydroelectric 
units in Kew Hampshire. The object of these tests was to deter­
mine the discbarge of each unit at various gate openings. Each 
unit tested had a penstock of 13-ft. wood-stave pipe 1400 ft. long. 

APPARATUS AND ~fETHODS 

39 Salt Introduction. A few tests were made by introducing 
raw salt in paper bags as in the first laboratory tests, but the 
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majority of the tests were made b~· wrapping the raw salt in a 
cotton sheet tied to a rod. ·wben the sheet was lowered to the 
proper position in the mouth of the penstocks, a rope was pulled, 
allowing the sheet to open, and tbe salt was released. 

40 Hlectrodes. The electrodes, made of thin copper plates 1 in. 
by 16 in. spaced tin. apart, were fastened to an insulated wooden 
plug driven into a It-in. pipe which was inserted in the penstock 
through a stuffing box. This electrode was located at one-third 
the diameter in the pipe. An indicating ammeter was used to 
indicate the passage of the salt across tbe electrode. 

41 Timing. The operators at the salt station and at the 
meter were connected by telephone, and as the first operator re­
leased the salt, he signaled the second operator, wbo started three 
stop watches simultaneously. 

42 By carefully watching the meter needle, one watch was 
stopped at the initial appearancP of t hP !<alt, the !'ccoml watch at 
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the maximum deflection of the needle, and the third watch was 
stopped at the completion of the passage, when the needle returned 
to normal position'. The watches were calibrated before, during, 
and after the tests. 

43 Standard of Measurement. No accurate standard of meas­
urement was used for comparison during the tests, but after the 
tests two current meters were used and two tests made at the 
same gate opening, 70 per cent. 

44 Computations. All times were computed from the moment 
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of salt introduction, i.e., from the release of the salt charge to the 
moment of maximum density of the salt solution passing the 
electrode, i.e., the maximum deflection of the meter needle. 

HESULTS 

45 The results of these tests were very satisf<tctory. The 
work was easily done with very simple apparatus. By reducing 
to a common head and plotting the discharge against gate opening, 
smooth curves \\·ere the result. 

46 Fig. 8 shows a curve of discharge on gate opening. This 
curve passes through every test point. The two check tests by 
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current meter are shown at 70 per cent gate, and the salt Yelocity 
curYe passes midway between them. These two current-meter 
tests Yaried from each other by 2 per cent. 

CoxcLusroxs 

47 These tests confirmed the results of the laboratory tests 
and showed that the salt velocity method of water measurement 
was applicable to power plants with long penstocks of uniform 
diameter. 

III- 1922 LABORATORY 1.:\"YESTIGATIO:\"S 

48 After learning of the de\·elopment of the salt velocity 
method during 1021, l\Ir. John Riddile, Chief Engineer for the 
Laurentide Power Company of Grand Mere, Quebec, was con­
vinced of the possibilities of the method for testing their units. 
During 1022 an extensiYe series of im·estigations was conducted 
for that company. 

OBJECT 

40 Up to then the method had been used only on pipes of 
uniform diameter. This company's power house has short, rec­
tangular, com·erging penstocks, and the object of this series of 
tests was to determine the accuracy and applicability of the salt 
Yclocity method of water measurement to that type of penstock. 

APP.\R:\.TU; .\XD :\lETIIODS 

50 Plant. These tests were conducted at the \\' orcester Poly­
technic Institute T,aboratory, but instead of using the 40-in. pipe 
all the time as in 1921, a majority of the tests were made on the 
pipe line below the 40-in. section, i.e., through the conYerging por­
tion of the penstock, through the venturi meter, and through the 
wheel and draft tube. Fig. 9 shows the :3G-in. by 16-in. venturi 
meter. 

51 Salt Introduction. A few tests were made introducing 
salt at the pond with the same ele\·ated salt-mixing tank, pipe, and 
quick-acting nh·c as were used in the 1921 tests. The remaining 
tests were made by introducing salt just below the lower end of the 
40-in. section of penstock. This point was station l3. (See Fig. 1.) 
The apparatus installed here consisted of an ele\·ated 100-gal. 
mixing tank piped to a 15-gal. pressure tank, which in turn was 
piped to the penstock by -£-in. hose and pipe. An air pipe from 
a pump and storage tank in the laboratory was connected to the 
pressure tank. Air pressure up to GO lb. was available. Besides 
the air pipe and the feed pipe, the pressure tank was also fitted 
with screens, an inlet pipe, a waste pipe, an air \·ent, and a pressure 
gage. 

52 Slow-motion vah·es were placed on all connrctions, and on 
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the discharge pipe a -!-in. quick-acting valYe was placed near the 
penstock. The brass distribution pipe was inserted into the pen­
stock through a stuffing box. Various ways of discharging the 
brine from the pipe were tried: a -!-in. open end; a t-in. open end; 
two t-in. holes at the center of the pipe; and 18 holes of graded 
sizes extending on both sides of the pipe. These holes were ar­
ranged so as to discharge vertically. This form of distribution was 
called a "perforated introduction." During the latter portion of 
these tests a ! in. pop Yalve was attached to the end of the pipe 
for the introduction of salt at station B. This pop valve opened 
and closed under pressure from the feed pipe, which was controlled 
by the quick-acting valve. 

53 Electrodes. Various electrodes were used. A double-helix 
electrode 4 in. long was made of copper wire wound around a -!-in. 

FIG. 9 3Gx lG-Ix. YEXTcRI :\JETER AT ALDEX LABORATORY 

wooden plug fitted into the end of a !-in. pipe. Plate electrodes 
were made of strips of copper } 6 in. thick and 1 in. wide, and from 
1 in. to 8 in.long, with spacings of from tin. tot in. between strips. 
All of these electrodes were fastened to pitometer rods and could 
be adjusted through stuffing boxes at any distance along the 
diameter of the pipe. This form of electrode is shown in Fig. 3. 
Other electrodes were made of l-in. brass pipe, placed parallel, 
extending across the penstock and fastened to the walls by wooden 
insulating wedges. These pipes were spaced -! in. apart. 

54 In connection with these pipe electrodes was an electrode 
called a" saddle." This was a strip of -h-in. copper, 1 in. wide and 
6 in. long, fastened to and insulated from the center of the upper 
brass pipe with a t-in. space between. 

55 Meters. The electrod<;is were wired to a portable Bristol 
direct-current recording ammeter. This instrument had two 
meters with a capacity of three amperes each. Direct current at 
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110 volts was used. The roll of paper, or chart, for this meter 
was motor driven. 

56 The passage of the brine by the different electrodes was 
recorded on the chart by two pens, each actuated by its own meter. 
The salt introduction was recorded by means of a snap switch at 
station T (Fig. 1), which was operated by hand simultaneously 
with the opening and closing of the introduction valve. At station 
B an automatic contact switch was placed on the handle of the in­
troduction valve. These switches were wired to the ammeters 
with lamps in series for resistance, recording the time and duration 
of the introduction of the salt by either one of the pens, just men­
tioned, on the same chart. 

57 Timing. A standard seconds-pendulum clock was wired 
to the ammeter, and by means of a magnet and relay recorded 
seconds by a separate pen (a third pen) on the same chart. For 
convenience in counting seconds, a break occurred e\·ery minute, 
at which time the pen missed two seconds records. 

58 Standard of Measurement. The standard for the water 
measurement was the 10-ft. weir. The venturi meter was fre­
quently used for check measurements. 

DESCRIPTIO:\' OF TESTS 

59 The general arrangement for these tests was an observer 
and operator at the laboratory who arranged the electrodes, 
operated the motor, ammeter, Rnd switches, and took readings on 
the weir and venturi meter. This observer was connected by 
telephone to an operator at station T when salt was introduced 
at the pond. This second operator prepared the brine and operated 
the salt valve and the introduction-signal switch. When salt was 
introduced at station B, ne::~r the laboratory, the operators were 
near enough to talk. If a third operator was present, he prepared 
the brine, connected the air pre~sme, and read the gages for weir 
and venturi meter. 

60 All tests were numbered, and the necessary notes and data 
were recorded on the chart. In later tests these data were recorded 
on data sheets,, Table 3 being a sample sheet prepared for the 
early tests. 

61 Including trials, about 1200 individual tests or charges 
of salt solution were used, which were grouped into 60 runs, and 
these in turn were segregated into 13 groups based on the stations 
used for the salt introduction and for electrodes. Sample charts 
illustrating the cun·es obtained from the Yarious introduction and 
electrode stations are presented in Figs. 10 and 11. These curves 
show methods of computation, give comp::~rison of results bj salt 
and by weir, and will be discussed in detail later. 
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CoMPUTATIONs 

62 The volumes of the penstock between various stations 
were computed from surveys. 

63 As in 1921, the study of the problem of what point on the 
curve to use in computing was continued. While recognizing 
the theoretically correct center of gravity of the curve, the exact 
determination of that point was still too difficult and required too 
much time for practical use. 

64 The curves made on long sections of pipe continued to be 

TABLE 3 SAMPLE DATA SHEET OF SALT VELOCITY TESTS 

(Laboratory Investigations, 1922) 

L th f I · d { A = 275.85 ft.} s· 40 . V I {A = 2407} eng o stee p1pe use B = 355 . 20 ft. 1ze, m. o ume B = 3096 

Q, 
Run Test Sec. Time 
No. l\o. shot of day 

V ~n- Seconds, 
turi T to A, 

meter test average 

Seconds, 
T to B, 

test average 

cu. ft. 
per sec. 
\Veir is 

100% 

Remarks for 
all runs 

4 

5 

6 

7 

8 

19 
20 
21 
22 
23 

24 
25 
26 
27 
28 

29 
30 
31 
32 
33 

34 
35 
36 
37 
38 
39 

40 
41 
42 
43 

7/4/22 
1 21.94 
t 
I 
2 
2 

7/4/22 
1 22.05 .... 
2 
2 
3 
5 

7/13/22 
I 4:30P.M. 18.10 
2 
2 
2 
3 

7/15/22 

111. 9! 140. I l 111.1 111.58 140.9 141.2 
112.7 Q = 141.7 Q = 

A- 21. 58 Salt from tank 
-1.6% at pond 

110.8 21.58 141.7 21.92 
111.4 141.4 

B = 21 . 92 6-in. electrode 
-0.1% at A and 

12-in. in pipe 

109.1 1 
109.8 109.56 
111.7!0= 
100.3 21.96 
106.0 

140.0 l A=21.96 6-in. electrode 
142.0 140.22 -0.4% at Band 
140.4 Q = 12-in. in pipe 
138.4 22.08 B=22.08 
140.3 + 0.1% 110-volt direct 

136.0 l 170.0 l A=17.84 
133.o 134.20 Jzo.9 11o.92 -1.4% 
133.2 Q = 1.0.7 Q = 
134.3 17.84 171.8 18.12 B=18.12 
134.3 171.2 +0.1% 

current 

Salt introduced 
through 2-in. 
pipe and 2-in. 
quick-acting 
valve 

1 5:00P.M.203420.50113.9) 153.9) A=20.72 
I 115.7 116.08 155.8 153.38 +1.9% 
2 115.8 Q = 153.4 Q = 
2 115 6 20.72 153.3 20.19 B=20.19 
2 117.4 152.0 -0.7% 
2 118.1 151.9 

7/15/22 
2 5:·10 P.M. ~o.os 20. 1n 
2 
:l 
3 

117.7 }117.00 153.4 }154.00 A=20.57 
115.9 Q = 152.7 Q = +2.4% 
117.7 20.57 155.4 20.10 B=20.10 
IIH.7 154.5 +0.1% 

Average percentage for sheet, 5 runs, at A = + 0:2 per cent anU at B = - 0. 2 per cent. 

symmetrical and the peaks were used with very uniform and 
accurate results. The curves made when salt was introduced at 
station B and when a short section of pipe with a varying cross­
section was used were not symmetrical. For these curves a few 
centers of gravity were accurately determined, and for all the 
remainder the centers of gravity were determined by eye, with 
fairly uniform and accurate results. For the introduction curves, 
the point for timing was always taken half-way between the 
opening and closing of the salt introduction valve. 
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J 65 Sample curves showing the amount of the variation between 
the maximum deflection or peaks of the curves and the center of 
gravity of symmetrical and distorted curves are shown in Fig. 12. 

RESULTS 

66 A summary of the results of these tests is shown in Table 4. 

TABLE 4 SU:\I:\1ARY OF RESULTS OF SALT VELOCITY TESTS 

(Investigations at \\7 orcester, 1922. Computed to peaks of curves) 

Per Cent 
Group From To Salt + 

No. Station Station Length at Electrodes Position Runs i:ihots (weir= 100%) 

1 T A 275.85 T 4" helix (wire) center I 2 3.50 
2 T A 275.85 T 6" X 1" plates 12" in 7 39 
3 T B 355.20 T 6;; >:: 1" I,>l~~es 1.2" in 7 39 0.39 
4 T B' 355.95 T 1 ptpes, .3S L. across 3 20 1.55 
5 T c 391.90 T 1 ;; p!pes, 36:; L. across 3 20 0.13 
6 B c 36.70 B 1 pipes, 36 L. across 9 117 0.33 
7 B c 36.70 B 6" X 1" saddle center 2 20 4.98 
8 B D 16.50 B 4 ;; X 1 ;; plates center 4 ·18 0.51 
9 B D' 17.15 B ·1, >:: 1 pla}

1
ea center 7 102 

10 B E 59.15 B 1 pipes, 40 L. across 2 19 0.92 
11 B E 59.15 II r." X ! 11 saddle center 5 43 3.3S 

0.14 

0.13 

12 B E 5H.l5 B Pipes and saddle 4 30 4.79 
13 T and B to A, 16.50 T 111 X 1" plat('s, 10 to 12 5 325 0.42 

C',DandD' 3~H.l.1 B traver.!!ie positions 
Totals 59 824 

Omitting groups 1, 7, II, and 12 (1.2 rum~ and 95 shots) on account of e1ectrodes.at 
center of pipe, and averaging the remainder, shows 47 runs and 729 shots; average 
+ 0. 32 per cent. 

Averages weighted for number of shots. () by weir = 100 per cent. 

A study of this summary shows that averaging 47 runs with a 
total of 72!) shots gave a quantity for water measurements which 
was 0.32 of 1 per cent in exce~s of the quantity measured by the 

Fw. 11 S.uiPLE CrH\'E~. TEsT>< oN 40-IN. PIPE WITH REsULTS OF 

DIFFERENT l\lETHons oF CmtPUTATIOl'l 

weir. Included in tliese 47 runs are the results with electrodes clear 
across the pipe, with short electrodes one-quarter to one-third of 
the diameter into the pipe, with short electrodes in the center of 
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the pipe at the venturi throat and all traverses across the pipe. 
The runs omitted from these 47 with accurate results are the runs 
with short electrodes placed at the center of the pipe at all stations 
except the venturi throat. The results of these latter runs varied 

FIG. 12 SAMPLE CURVE~. TESTS 0:0 40 IN. PIPE, SHOWIXG VARIATI0:-1 

BETWEEN PEAKS AND CENTER~ OF GRAVITY OF CURVES 

from the true Q by as much as 5 per cent, which is to be expected, 
since only the fast water at the center of the pipe was measured 
and all slow water was neglected. (See curves of mean velocities 
across the pipe which were obtained from the traYerses, Figs. 13 
and 14.) 

ToP. of 
Pipe. 

Station A 

f! 
~ 

'::::: J.058 
: VforfrueQby Weir. 
L_ Vfor(lbyTraverse 

J070 

;S; SalfafSfaf/on T 
C> .,. 

Q by Weir= 26.68 sec-fl. 

Qby Traverse=2G.79sec-ff. 

Variof!on -For Traverse =+04% 

l l I 

8 2 2 
r:) t") ri 

Velocity: Ft per Sec. 

Wesf Side of Pipe 

Sfafion C' 

~ 
.::; SalfafSfafionB 

"' f<) 

QbyWeir•20355ec·fl 
1 

For(iby 
Q by Traverse= 20455cc·fi. ,: Weir 

Yaricd1on For TrOYa5e•(J.3t ::;= 4.355 
L_ ____ _...., ___ y 

' l I 

8 g ~ 
r"":i oo::t 1.0 

Velocity- Ft. per Sec. 

FIG. 13 TR.,VERSE CURVES OF AVERAGE VELOCITY FROM SALT VAI.VE 

TO ELECTRODES, TESTS ON 40-IN. AND 36-IN. PIPE 
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67 These traverse curves are not curves of instantaneous 
velocity at those stations, but are the curves of average velocity 
from introduction to final electrode. These curves show the effect 
on Q of using an electrode at the center of the pipe at stations 
A and C', and also show that using an electrode at the center at 
stations D and D', the throat of the venturi meter, has no ap­
preciable effect. The pipe factor at station D, i.e., the mean 

St«tion D 

Scrlf«f B 

Q byWeir~t?O.CJ? sec.fi. 
Qby li"a~~/!1.91 SI!C-ft 

Variufion= 
-o.6% 

JJ4 
Vforli-ueQ 

I I I I I 
ooooo 
<..OQJQNV 
(\jt\..irclrcir<"i 
v- ft. per 5ec .. 

Top of Pipe 

Station D' 

Sa/fafB 

Q b!fWeir=/9.15 sec-ft 
Q by TTUI(•/9.69sec-ft. 

Varktfion= 
-0.3% 

I I I I 1 
00000 

~~~~~ 
V-ft. per 5ec. 

Fw. 14 TRAVERSE CuRvEs oF AvERAG>: VELOCITY FRO~! SALT VALVE TO 

ELECTHODEs, TEsTs o:-~ 40-r:-~. AND 36-r:-~. PtPE 

velocity divided by the center velocity, is 0.!)!)-!, while at station 
A the pipe factor is about 0.86 (using instantaneous velocities). 

68 These traverses were made with an electrode 1 in. long 
held at the various points shown by the small circles, and when 
Q is computed by the equal-area method it varies from the true 
Q measured on the weir by less than one per cent in each case. 

69 Four students of the class of 1923, Worcester Polytechnic 
Institute, took the salt velocity method of water measurement 
for their theses. l\Iessrs. :\Iasten and \Vhite used the salt velocity 
method to calibrate a 12-in. by 6-in. venturi meter and an 8-ft. sup­
pressed weir. Messrs. Dodkin and Metcalf made 21 runs with a 
total of 205 shots on the 40-in. penstock. They introduced salt 
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at the pond, station T, and used Yarious forms of electrodes at 
stations A and B. (See Fig. 1.) With the 10-ft. weir as a standard 
of measurement, the maximum variation of the discharges com­
puted by the salt Yelocity method were+ 1.10 per cent and - 0.95 
per cent, with the total 21 runs a\·eraging + 0.10 of one per cent. 

CoxcLusmxs 

70 The~e tests showed that the results are accurate and re­
liable for long sections of penstock, with a short electrode inserted 

. ..SecficmJ 

... .-- c 
.-: ... ..-.} 

lrrfroducftO;~ 
Elecfrod~ •.. ,...)". 8-2-i/1 
Area~ ·<.. :E'J::PopYal~ 
210 · ~-.... ..._. 1neaclrBay 

3 . 
f5;30.SC,FI;__·· •... .... . ·· ... 

":)o..• 

Pion 

FIG. 15 ::;KETCH ot· L.,URE:-<TIDE PowER C'<ntPAXY's l'E:-<sTO<"K 

approximately 25 per cent to ao per cent of the diameter of the 
pipe. This exact point can be accurately determined by the 
tra,·erse. The results are also accurate and reliable for all traYerses, 
and for com·erging or diYerging sections of pipe \Yith proper elec­
trodes at proper points in the pipe. 

71 Referring to the summary sl:Jeet, Table 4, this matter of 
results with different electrodes at the same station is shown by 
comparing group 6 with group 7 and group 10 with group 11. 
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Group 6 at st.ation C and group 10 
at station E are with pipe electrodes 
clear across the pipe and give 
variations from true Q of + 0.3:3 of 
one per cent and + 0.92 of one per 
cent, respectively, while group 7 
and group 11 with 6-in. electrodes 
in the center of the pipe at the same 
stations give variations of + 4.98 
per cent and + 3.38 per cent from 
the true Q by weir. Even the 
parallel pipe electrodes placed across 
the penstock favored the fast water 
in the center, thus accounting for 
the fact that nearly all variations 
shown on the summary sheet are 
plus percentages. An improved 

CAP4706Al -.' WATER SUPPLY 
HW£0 lJYCRANE ,."... .:r4" H05E """"""" ~ 

~~PIPE_. .. --·"">" 

A 

Fw. 16 1-lKBTC'H en· ~ALT 
DISTHIBCTIUX ~YSTE" 

electrode to correct this feature was used in the 10:2:3 tests at 
Worcester. 

72 The section of the Worcester penstock mo~t nearly ap­
proaching the conditions of the Laurentide penstock was from 
station B to station D or D', which section includes the up:-;tream 

Fw. 17 APPAHATCs rx GATE HaesE, L.H'REXTIDE PowEn Co~tP.\"Y 

end of the venturi meter. This section is 39 in. in diameter at B 
and 16 in. and Hl! in. in diameter at D ami D', respectively. The 
traverse cun-es for D and D' are nearly straight line~. The center 
water is only slightly faster than the water on the out~icle, and an 
electrode at any point in the pipe at these stationfi gave very 
accurate results. 



306 SALT VELOCITY METHOD OF WATER 111EASUREMENT 

Fw. IS DETAILs oF PoP VALVE 

73 The last curve of 
the sample curves (see 
Fig. 12) shows some very 
sharp peaks with no doubt 
as to their interpretation. 
These curves were made 
between stations B and 
D' (venturi throat), a dis­
tance of 17 ft. The maxi­
mum deflection of the 
peaks and the center of 
gravity of the curves 
coincide, and they check 
with the true quantity as 
measured by ·the weir. 
The average variation for 
25 shots was - 0.2 per 
cent. 

74 These 1922 tests at 
\Y orcester were so suc­
cessful and the results 
\\·ere so satisfactory that 
many doubts concerning 

the application of the salt Yelocity method of water measurement to 
rectangular tapering penstocks were Jispelled. These tests were 
completed and the appara­
tus in the laboratory was 
moved to Grand .i\fere, 
Quebec, and tests were con­
tinued at the power plant 
of the Laurentide Po\Yer 
Company. 

1 V -1922 FIELD INVES­
TIGATIONS 

75 Followingthelauora­
tory im·estigations at W or­
cester in the summer of 
1922, field investigations of 
the salt velocity method of 
water measurement were 
made at the power hou~e 
of the Laurentide Power 
Co., Ltd., at Grand :\Iere, 
Quebec, in October and 
Xovcmber, 1922. The ob- Fw. l!l PoP VALvEs AND ELEcTRoDEs 

ject of these tests was to IN PExsTocK 
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determine the reliability of the salt velocity method when actually 
applied to short rectangular tapering penstocks in the field. 

APPARATUS AND METHODS 

76 Plant. Unit No. 7 was used for these investigations. This 
consists of a 102-in. right-hand water wheel designed by the I. P. 
Morris Company and built 
by the Dominion Engineer­
ing Works, and connected 
by a vertical shaft .to a 
generator built by the 
Canadian Westinghouse 
Company. The makers' 
rating of the wheel is 
22,000 hp. under 84ft. head 
and 120 r.p.m. The pen­
stock is a sloping concrete 
tube about G5 ft. long, con­
verging from a vertical 
rectangular cross-section of 
630 sq. ft. area at the upper 
end, to a vertical rectangu­
lar cross-section of 335 sq. 
ft. area at the piezometer 
plates, which are located 
at the entrance to the scroll 
case of the wheel. The Fia. 20 PoP VALvEs IN AcTION uNoEn 

upper end of the penstock 60 LB. PnEssunE 

is divided by concrete piers 
into three bays of equal area. (See Fig. 15.) In making these tests, 
from 55 to 57 ft. of penstock (horizontal distance 48ft.) was used 
with volumes varying from 27,677 to 28,8Hl cu. ft. 

77 Apparatus. The apparatus used for the salt introduction 
was installed in the gate house and consisted of a 500-gal. open 
mixing tank and a 500-gal. pressure tank. The pressure tank was 
filled by gravity from the mixing tauk, which was raised by an 
overhead traveling crane. A 4-in. pipe led from this pressure 
tank through a header and equalizer to three 2!-in. leader pipes 
and three lengths of 2!-in. fire hose, one hose passing into each 
bay at the upper end of the penstock. Fig. 16 is a diagram and 
Fig. 17 a photograph showing the arrangement of these tanks and 
pipes. 

78 Each length of hose was connected to eight pop valves 
of special design located in each bay of the penstock. These 24 
pop valves were arranged so as to give a uniform distribution of 
salt over the entire cross-section. The distribution of brine to 
the pop valves was controlled by a 4-in. quick-acting valve which 
had a 30-in. handwheel near the pressure tank. The brine was 
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also controlled by ,-alves at the upper end of each leader pipe. 
Figs. 18 and Hl show the details of construction and location of 
these pop ntlvc,;. Fig. 20 shows the pop vah·es in bay C in action 

while the penstock was 
emptied. .ln air pressure 
of roo lb. per sq. in. was 
a v!l,ilable for these tests. 

7!J At first, six pairs of 
small electrodes attached 
to -the distribution pipes 
am1. placed about two 
inches downstream from 
the pop ,-alves recorded 
th~ introduction of the 
salt' at the upper end of 
the penstock. These elec­
trodes \\·ere made of cop-

FIG. :?1 LowEn ELEcTnonEs .\, B, per plates and had an 
AXD C area of about two square 

inches each. They were 
placed parallel to the thread of the penstock and were numbered 
from 27 to 32, inclnsh·e. Electrodes Xos. 31 and 32 arc shown in 
the photograph of the distribution pipes and pop ,-ah·es in hay C. 
(See Fig. Hl.) Later in the 
field tests these electrodes 
were mm·ed upstream to 
the plane of the pop-valve 
faces and were placed at an 
angle of 45 deg., but re­
tained the ~ame number~. 
Still later, larger electrodes 
were usc(l in the original 
locations . 

.SO Otlwr methods of 
recording ~alt introduction 
were a contact signal placed 
on the hamlle of the quick­
acting vah·c and an electric 
signal operated by water 
pressure through a gage 
connected with the distri­
bution pipe in bay C. 

Sl During the la~t 
period of these tests and 

ELECTHUDE T1 

durin" the final ef!iciencv tc~ts of unit Xo. 7, ~ix p:1irs of elec­
trode;, placed 22 in. dO\n;stream from the plane of the pop ,·ah·cs, 
were used. These electrodes, Xos. 34-39, made of -l-in. by ~-in. 
steel plate, l U ft. long, were placed parallel to the thread of the 
penstock. 
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82 Three pairs of Rteel electrodes, placed \·ertically at the 
lower end of the penstock and about three feet upstream from the 
entrance to the scroll case, recorded the pw<sage of the "alt at that 
section. The~e lower electrodes \Yerc made of -±-in. by 1-in. !'tee] 
plates spaced I in. apart by hom fiber insulation and "·ith tie holts 
insulated with fiber and rubber. These plates were fastened to, 
but insulated from, angle irons bolted to the roof and floor of the 
penstock. These electrodes "·ere continuous, extending from the 
floor to the roof. The six plates were numbered from 1 to G 
and the three pairs lettered A, B, and C. (See Figs. 21 and 22.) 

83 Two pairs· of shorter electrodes made of steel plate,; :{ ft. 
long were placed 6 in. from the side walls of the pen~toek and were 
used during a portion of the tests. The~e electrodes were lettered 
X and Y. These locations arc ~hown in Fig. 2!1. 

84 Other lower electrodes were made b~· plaeing 4 x 12 x l--in. 
copper strips between the tmJ steel electrodes at J.') points with 
fiye on each pair of electrodes, A, B, and C. Thc~e copper strips 
were not in the center of the spau•, but were tin. from one steel and 
1 in. from the other steel. They were connected ~o a;;; to form a 
pair of electrodes with either or both ,;tee! plates, and "·ere numbered 
from 7 to 21, inclusiYe. These 15 shr>rt clcctrod0s arc shown in 
Figs. 21 and 2:.?. 

85 In later tcsb the fiber insulation was changed to hard 
rubber and finally tn porcelain, nnd the 17> cqpper strips were 
remoYcd, but for the last week of the te~b nine of the~c coppers 
were replaced. In thc~e last. electrodes the ~mall copper plates 
\Yerc placed on the nut~irlc nf the ~tPel plate~ in~tead uf between 
them, as in the early electrodes. 

SG \\'ires with switches connected all of the eleetrodcs to the 
recording electrical in><trument~ in the gate house. The rceord was 
made in three ways: by recording Cll!Tc-drawing; ammeter; by 
recording curYe-drawing wattmeter; and by a special integrating 
dm·icc deYclopcd b~· the engi"ne!'r~ of the Laurentid0 Power Com­
pany. A detailed description of thi~ la"t deYice will he found in 
Section YI of thi~ paper. A "tandard clock was fitted with a 
magnet and contact point, am! was so wired through a relay 
that the moYcment of the pendulum recorded ,.;econd~ on the 
paper chart. The time record was made by both pen and jump 
spark. 

87 During some of the speed anJ efficiency run~, an cledric 
re,·olution counter, connected to the wheel shaft, was located on 
the testing tables, and through a relay and jump-spark dcYice each 
reyo!ution was recorded on the "ame chart. This wa~ checked 
by an obsen·cr, on the counter. Fig. :23 is a wiring diagram, and 
Fig. 2-± is a photograph of the electrical apparatu~. 

SS Float gages recorded the head- and tail-water eleYations. 
A \Yater column connected to the piezometer plates in the pcn~tock 
recorded the pressure head at the entrance to the scroll ca~e. 

sa During practically all of these tcsb uthcr reer.rcb in connec-
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I/o-Volt A.C. 
Chart Motor 

FIG. :.?3 \\"IRING DIAGR.UI, LAURE:-.--rmE PowER CO)IPANY TE>'TS 

FIG. 24 ELECTRICAL APPARATUS UsED IN LAURENTIDE PowER CmiPANY 

TESTS 

tion with the unit, such as load, head, and gate opening, were ob­
sen·ed and recorded, and during the latter portion of the tests 
many of the runs were efficiency runs on the water wheel. The 
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electrical load was obtained from an integrating watt-hour meter, 
and checked by indicating wattmeters located in the generator 
room of the power house. 

DESCRIPTION OF TESTS 

90 During all important tests, observers were stationed at the 
head- and tail-water gages, at the water column recording pressure 

F'IL£ 602 

SHEET 1 OF9 SHEETS 

SALT VELOCITY TESTS 

0 DATA OF TESTS ON 

C. M ALLEN, WORCESTER, Nll.e. 

In•eetlgat tons (F1eld) UNIT NO. ' 
MADE BY AT PLANT oFL.P.Co., Grand Kore. Que boo 

TESTS MADE FOR Lllurentlde Power Co., Quebec DAf"li.1j10{2~ 

LENGTH Conc.Fenatook. USED 67 tt. SIZE NJ li YOLUME£8&910 o toR. P. M. lf~ ·-

llun ~e:t a ... r:,-;• 
No. " •.. !Dt. 1na1 Tett elpl 

1140 76 :32:30 80.63 j27 9.6.6 9.96 10T,4.,C. 
u 33,00 0 32 onl;r lO.:U 

106 •• 30 1no. 9.66 Vol.· 69 
43 46 .Par. 10.30 690 

llU ,.,30 60.50 y 11.&2 l1.97 
46 only 12.38 No.#46 

•• 66 Vol.• 69 ., 36:16 12.00 710 

l148 " 38:40 80,4 .. 10:46 10.26 UV.A..C. 

0 •• 39:00 only 10:10 Vol.• 
60 16 10.23 8776 866 

l161 . 40:20 60.4 B u.oz 1Z.l3 
62 40 only 12.40 Vol.• 
63 41:00 11.97 9465 760 

l164 . 42:20 80.3 c 11.30 10.92 
66 40 only 10.67 
66 43:10 ll.27 Vol,• 
67 30 10.62 9061 ~ 

To'tal .Q b 'rrav roe 2692 

106 1168 70 %;-46 60.3 2.7t~ . B.C. 10.67 10.93 2V, A.C . 
59 U:lO 32 .. y 10 .. 92 Vol. 2624 !Air in Salt 
60 30 Inc. ar. 11.20 28691 

0 

FIG. 2ii SAMPLE DATA SHEET OF LAURENTIDE PowER CoMPANY TEsTs 

head, at the electrical instruments in the generator room, at the 
wheel goYernor, and in the operating room of the power house. 
The test was directed from the gate house, where observers on the 
salt velocity meters were connected by telephone with the ob­
serYers in the power hcm~>e. 
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91 Tbe maintenance cre'" of the power house pro.-ided most of 
the obseryers, performed all the labor in connection 'l"dth the in­
stallation of apparatus, and attended to the brine mixing and dis­
tribution during tbe tests. 

92 All tests were numbered, and all tests and obsen·ations were 
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recorded ap:ain5t tbe time of day. Tbe watches of all obserYers 
''"ere synchronized at tbe beginning of a tc~t, and "·ere checked at 
the end of the test. The necessary note~ and data were recorded 
on both tbe moYing chart and on the data sheets prepared for the 
purpo~e. Fig. 25 i~ a ,;ample data sheet. 

!l:.l lnt'lltlling; triaL- and all efiicirncy te~t~. about 1~00 indi,·idual 
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tests or charges of salt solution were used. These were grouped 
into 220 runs of from five to twenty shots each. 

94 Figs. 26 and 27 show sample curves recording the passage 
of salt at both the upper and lower electrodes for six different gate 
openings. All of these curves were made in the November tests 
after the various electrodes had been changed and improved. 

COMPUTATIONS 

95 The dimensions of the penstock were carefully measured by 
local engineers before the beginning of the tests, and the volumes 
between the vertical planes of the various electrodes and the pop 
valves were accurately computed. Then from the charts the 
number of seconds required for the passage of the salt between two 
stations was counted. The volume in cubic feet fur that section, 

/NTROIJVCT!ON FINAL /NTRO.DUCTION FlNAL 

\ t ;;504 ~ \TT'/505 ~ 
\.!.._/ '· v TH/5 AiVALY51S SHOWS THAT TH£ CENTERS OF 

•liNE OF CENTER OF GRAVITY' OF CURVES AREA A5J;ET£RI11N£[) BY (HE WATT-HOVR : z~z~ g; fftlf§ g; ::ft :; ~.fft:f-~~UR METER ~).~~'LfL~15t~j~g'J}·~~A~7~fT6lff1tECK 
CURVES WHEN USEIJ TO COMPI/TE TIM£ OF 
PAS5A6C OF SALT & LJISCHAR(j£ 

\¢~15.!4~ \;'~1535 ~:: 7 

\!/ E!IFFERENCE BETWEEN CENTER OF AREA \Y I!IFFERENCE BtTWEEN CENTER OF AREA 
AIILJ CENTER OF GRAVITY OF Cl/I?V£5. AVER- jjY ME TEN, ANJ) CEIITER OF 6RAVITY CURVE's. 

. Alf/t~ ~o':'ff~t'ffl0f/,6f/PJtJJ ~~fNEAS- :;;;jj~J jHfli]ft,fff:£91Hcz:!%f:Atf{'j!;M£ 
ES THE TIME BY 007 OF A SECOND. lJY 0.15 OF A SUO/'ID. 

AVERAG/116 6 FINAL CIJRVES, THE !'OINT A.VEl?A6l"'G f. FINAL CVNV£5, POINT ALSO 
ALSO MOVES TO THE RIGHT AND INCREAS- MOVES TO THE RIUHT 81/T INCREASES THE 
(5 TH~ TIME BY 0./C OFA 5£CON.D. TIME BY 0.14 OF A SECOND. 

MAI!'INu A NET INCREASE OF0.05 Of A MAI!'IN6 A NET IJECREASE OF 0.01 OF A 
5£CON0 OR Q5% OF TOTAL T/!1£. SECOND OR 0./% OF TOTAL TIME. 

~~~~~8~ 
Fin. 2S AxALY~t~s oF Ct~ltv~<:R 

divided by the time of passage in ~econds, equals cubic feet pN 
second. 

96 Referring to the ~ample charts, Figs. :.W and '27, the curves 
are the pen records of the passage of the brine across the electrodes 
with current through a wattmeter. The line of dots at the bottom 
of the charts indicates the passage of the brine acro~s the same 
electrodes with current through the watt-hour meter. The middle 
line of dots (N ovcmbcr 13 only) indicates the revolutions of the 
wheel, and the upper line of dots on all charts indicates the time 
in seconds. 

97 As in the laboratory investigations at W orccstcr, con­
siderable time was given to the problem of what point to use in 
computing time. Fig. 28 is an analysis of the six sample curves, 
for both introduction and final passage. The axes of the centers 
of gravity of the pen curves have been carefully determined by 
cardboard figures balanced on a knife edge. The axes of the centers 
of area of the same curves have been accurately fixed by a pla­
nimeter, and both of these axes arc shown, together with the axes 
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of the centers of area as determined by the line of dots at the 
bottom of the sample cun·es. A study of this analysis shows 
that the results obtained by taking the centers of area, as indicated 
by the jump-spark dedce through the watt-hour meter on the orig­
inal cun·es, differs by only one-tenth of one per cent from the 
results obtained by using the center of graYity of the pen curves 
made by the wattmeter. 

\JS Theoretically the ceuter of gr:.wity of the salt charge which 
is indicated on the chart by the center of graYity of the area en­
closed by the curve is the correct point from which to compute 
time. In a symmetrical curve the maximum deflection, or the 
peak of the curve, is on the same axis as the center of area and the 
center of gravity of the curve, and all three will indicate the same 
time for the passage of the salt. The curves made by these tests 

TABLE 5 CO~!PAR!SOX OF RESULTS BY VARIOUS :\!ETERS OX 

BASIS OF SECOXDS l:\'ll!CATED FOR THE PASSAGE OF SALT 

FR0:\1 IXTRODT:CTIOX TO FI:\AL ELECTRODES. ALL AT 60 PER 

CEXT GATE 

Run No. ~o. of ~-:\Ietcrs-~ 
tests D E F 

14 J:l 14.06 
11a s 1-l.~l\ 
15 ;, l!.oi 

Average,3runs 14.31 

A verap;c, all 9 runs = i -l. 1:5 
Per cent plus or 

minus.......... - 1.0 

14.42 !4.31 
14.55 H .. 'iO 
H.gz 14.50 
11.!\0 14.44 

+I 0 0 0 

.----Remarks--~ 

Salt in at all bays. Final at all bays 
,.;alt in at C only. Final at all bays 
iialt in at all bays. Final at C only 

~ot ·weighted for number of tests 

A vg;. of 9 = 100 per cent. 

::\Ictcrs D and E \vere ProL Allen's Bristol ammdf'r:-'. \lcter F was Laurentide 
Power Company's nf'm~ral Elcf'tric wattlll('trr. ThP .. F" metf'r \Vas apparently 
more re1iable and accurate (as well as more con,·f'nient on arcount of watt-hour meter 
attachment) and was used for the majority of future t{'st:-:;. 

were not as symmetrical as those obtained in the laboratory iuYes­
tigations, and the maximum deflection of the meter, that is, the 
peaks of the cun·es, would not give accurate results. But the curYes 
were not distorted sufficiently to cause any material difference 
bet"·een the center of area and the center of gra\·ity. 

!)!) During the majority of the tests the point on the cun·es 
from which time was computed was the center of area, as indicated 
by the watt-hour meter record. In some of the early tests the 
records of the ammeters were used, and Table 3 shows the com­
parath·e results with the Yarious meters. The computations were 
simpler with the wattmeter and the watt-hour meter de,·ice, and 
the results using the axis of center of area by that method coincided 
so closely with the center of graYity of the curyes that any differ­
ence was ignored. 

100 Since these inYestiga tions were made, the engiueers of the 
Laurentide Power Company htn-e made some tests im·estigating 
the proportioualit~· or relation between the density of the salt and 
the electrical conclucth·ity of the solution. The cun·es in Fig. 20 
show the conductivity in amperes plotted on the density of salt 
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solution by an arbitrary scale running up to 220. Wllile the den­
sity of the salt solution was practically the same for all tests (speci­
fic gravity 1.18 to 1.20), the density of the solution when mixed 
with the penstock water and passing down the penstock changed 
decidedly. This is shown by the relative length of the introduc­
tion and final curves, the final curves being three times as long as 
the introduction curves. And when the varying velocities of the 
water are considered, we find that the dilution is at least six times 
as much, i.e., the density of the solution is only one-sixth as much 
at the lower end of the penstock as at the upper end. Since all of 
the solution actually passing the introduction electrodes was never 

10 

I 
2 CoTJperE!ectr-.~,;;es Pc-,nteu Euqes 
• and 8acks · 

EFFecf.r-"Area /~x6'-9.Sq 7 

Sepa,...ofed !o /rr 
C1rcud I !IJ YO/f.s 60 C yc/cs 

5 Sui Ions of R1vJr W::~f~r f:J w/r/c/7 
~---Scdt was r.;dd:-:1 :f,cfr7t'7.Z f.4e 

f!es;sfCiflf;eJ:~rreded fo 15Dec; .:.m: 
I 

zo 40 60 5o 100 120 14~ 16o 1a~ zoo 

Per Cent of ~~;rbX we:~h:t(Multiply by 6' i0-5
) 

FIG. 29 CuRVE oF SAr;T DEN~ITY ON ('oxnrrTIVITY 

over ten on the scale of density, and the curve from zero to ten is 
practically a straight line, any error caused by varying density 
of salt solution at the different electrodes can be ignored. 

REseLTs 

101 Since these tests were mainly to determine the best ap­
paratus and methods to be u~ed in the efficiency tests on unit 
No. 7, no summary of results has been prepared. Summaries in­
dicating the accuracy of the method are to be found in the sections 
on laboratory investigations. All of the result sheets shown are 
comparisons of results using various apparatus and methods. 

102 In the summaries of bboratory investigations the ac­
curacy of the salt velocity method in round penstocks has been 
shown; in other tests it.s accuracy in rectangubr flumes and 
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conduits has been pro\·ed, but its accuracy in a penstock like that 
of unit Ko. 7, at Grand )Iere, remained to be settled when these 
investigations were started in October, 1922. Since there was no 
standard of measurement for the discharge of unit Xo. 7 to com-. 
pare the results with, many check runs were made. The best 
checks were where runs and comparisons were made between 
different apparatus and different methods, like checking the results 
with composite cun·es by a traverse or point measurement. 

103 The general plan of these im·estigations was a cut-anrl­
try proce~s of elimination. The trials and elimination of apparatus 
are briefly as follows: The mixing and pressure tanks were satis­
factory. Increasing the size of the filling pipe of the mixing tank 
sa\·ecl time in filling the pressure tank, and twice the capacity of 
each tank woulrl have saverl more time during some runs. The 
distribution system of piping and pop \·alves was satisfactory with 
one exception. The fire hose, first used as leaders, was not strong 
enough or stiff enough, and it was replaced by iron pipe. A com­
parison of results with hose and pipe will be found in Table 6. 

TABLE 6 CO~lPARISO:-..'" OF DISCHARGES, USI~G FIRE HOSE AXD 
USI:\G IROX PIPE FOR LEADERS OX SALT DISTRIBUTION. AT 
80FT. HEAD 

Run :\o. 

!W 
lbG 

Xo. of tests 

10 
.:) 

10 
~ 

(Other conditions the same) 

Gate, pt>r cent 

40 
40 

Q 
cu. ft. per sec. 

2783 Hose 
2713 Pipe= -2.5 per f'Pnt 

Hose 
Pipe = - I .4 per cent 

104 Three or four types of introduetion electrodes were tried. 
The early ones were too small and too close to tbe pop valves and 
recorrled the salt from too small an aren, to be accurate. The last 
set of six long introduction electrodes were reliable and accurate. 
Table 7 is a comparison of results with old and new introduction 
electrodes. The new electrodes indicate slightly greater dis­
charge. This is accounted for by the theory that some of the fast 
water went around the old introduction electrodes because they 
were of small area and too near the pop valves. 

TABLE i CO~IPARISO~S OF DISCHARGES, L"SI:\G OLD A:-.:0 
USIXG :\EW 1:\"TRODUCTIO:\ ELECTRODES 

(Iron pipe leaders in each case. At SO ft. head.) 

Run Xo. No. of tests Gate, per cent Q, 
cu. ft. per sec. 

186 5 so 2713 Old electrodes 
!85 5 bO 2i39 X ew electrodes = + 0. G% 

183 5 40 1362 Old electrodes 
193 5 40 1363 New electrodes = + 0.1% 

105 Table 8 gives a comparison of results by using various 
combinations of final electrodes at 4().5 per cent gate opening. 
This table also shows the results obtained by giving each elec-
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trode one-third the volume of the penstock and by an arbitrary 
computation of the volume for each electrode, based on dividing 
the penstock by lines from the centers of the piers at the upper 
end of the penstock to points midway between the final electrodes. 
No method of accurate determination of these three volumes is 
known, but it is quite certain that they are not equal. 

TABLE 8 COMPARISONS OF DISCHARGES CO:\IPUTED BY USING 
VARIOUS FINAL ELECTRODES. AT 80FT. HEAD 

Run No. of G;!~· 
No. tests cent 

6 49.5 
6 49.5 

~} 58 49.5 

8 13 49.5 
8 13 49.5 

13 7 ~9.5 

Average 

Q, 
cu. ft. Methods of coruputing Electrodes 

per sec.-----------

1653 E · d 1 3 1 d } 5 coppers paired with !steel stunate vo umes, . t ~rea s at A n & C (Par 11 1 ) 
1683 Equal volumes, 3 threads 3 cu~ve; to c~rnpute.a e · 

Equal volumes lor 15 threads.} I steel and. 1 copper paired 
1686 (Po· t eth d ) at 15 pmnts. 15 curves 

m m 0 · to compute total. 

1657 Estimated volumes 3 threads~2 steels paired (no coppers) 
1619 Equal volumes 3 threads at A, B, & C. 3 curves to 

' compute. 

1051 Total vol. of pcn•tock used 

1001 
1

2 steels paired and 1 steel 
paired with 5 coppers at 
A, B, & C all connected 
in parallel. 1 curve to 

J compute. 

lOG The maximum a,ud llllmmum values for discharge shown 
in Tab~e 8 vary by about one per cent from the average. Elimi­
nating the values computed with threads of equal volume, the 
values remaining are 1653, 1654, and 1657, which are close checks. 

107 Table 9 shows the volumes of the above threads am! of 

TABLE 9 VOLUJ\IES USED FOR PE:-.;STOCK. SALT VELOCITY TESTS 
ON UNIT NO. 7, OCT. AND NOV., 1922. 

(Final electrodes at cross~scction C in cvf'ry case. Yarious signals for 
salt introduction.} 

Length Volume Total Introduction Thread of 
signa] horizontal, thread, volume, 

ft. cu. ft. cu. ft. 

Ilandwhcel and gage A 9093 
on pop vnlves 48.00 n IOf\70 28817 

c 90U 

A ~775 
Old introduction elec- B 9~6;, 

trodes, Nos. 27 to 32 47.80 c 90!il :!Sfi91 
inc. X 690 

y 710 

Using both of above A 9021 
signals. Average 47.90 B 10662 2S7!i,l 
of two c 9071 

New introduction A Not electrodes, Nos. 34 46.19 D computed 2i677 
to 39 inc. c 

all other volumes used between various stations and electrodes. 
108 Table 10 shows comparisons at four different gate openings 

between results with one composite curve and with three or five 
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separate curves from the final electrodes A, B, C, X, and Y; that 
is, with three or five shots to complete the measurement. These 
comparisons show very little variation between traverses and 

TABLE 10 CO!\lPARISON OF. DISCHARGES TAKING FINAL ELEC­
TRODJ,;s AS A TRAVERSE, A, B, C. X, A:-!D Y, SEPARATELY (3 

OR 5 CURVES) AND AS A CO~IPOSITE, 3 OR 5 ELECTRODES 
CONNECTED IN PARALLEL. (1 CURYE.) AT 80 FT. HEAD 

Run No. of Gate, Q, 
No. tests per cent cu. ft. 

per sec. 

I 6 40 .. ~ 16m Avg. rn:,.; TravE>n;;e = 100'/~ 
8 13 49.5 1657 A,B& C Traverse 

t:l 7 49.5 16.5~ A, B & C C'ompo,ite = - 0. 1% 
105 2.') 75 2585 A, B, C, .\, & 1" Traverse = 100% 
106 3 75 2618 A, B, C, X, k Y Composite = +I 3(" . . 0 

187 } 
188 J.l 80 2722 A, B. & C Traverse = 100% 
189 
185 5 su 2730 A, H, & C Composite = +0.3% 

190} 191 17 40 J:l7o A, n. & c Traverse = 100% 
192 
193 5 40 1:~r,3 A, B, & C ('ompositc -o.!lr;, 

AvP.ragc '--- Composite = + 0.25% 

composites, the a\'erage for the four gate openings indicating that 
the discharge by composite is one-quarter of one per cent in excess 
of the discharge indicated by the traverse. 

109 In connection with these trnxerses, the direction and veloc-

A 8 c 

" ,~,,.,,s~ 'l' Zl J.59 

I 
Length of" 

10 3/J/ 15 366 zo 338 
Threads. 

X" 

I I I 
y 

A -5666 H. 
II 

1: 

n-c<Cf ""'SH. 
C·53.18H. 91373 111311 19 331 

'l 
II 

18 3?4 
13r00 

7 3.43 ··?rJS 17 :ws 

ft 1·sz \('.'oc;:f.~~' c,....{' ov"'r'fff-.e Y12-0CJflc>..; olon.5t.l'J~ fhr~ads. 
1_12.,from inf_,...(':fuc/·,on to 1/701 f?/~cfrodes.bu. they ere nof 
1nstanfaneO:.JS ve 'octfips of fl?e obove p:;tnfs. 

Fin. 30 SKETCH Sno\\TNo YEr.ocrTIE:-i IN PEx::;TocK ALo:-..-G THE. TnnF.Ans 
OF THE 15 COPPER RTRIPS e:-:.En IN THAVBH.SIX<.; P:E.XSTOCK AT Cuoss­
SECTION C 

ity of f1ow in the different parts of the penstock were studied. 
Fig. 30 shows the location of all electrodes used in making these 
traverses, together with the velocities in feet per second at each elec-
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trode for one gate opening. Fig. 31 shows the curves of these 
velocities in the penstock. These velocities are not instantaneous 
velocities, but are average velocities between the introduction elec­
trodes and the final electrodes. These curves are plotted for both 
horizontal and vertical cross-sections of the penstock and indicate 
clearly that the fastest water is at the top and at the left, or A, 
side of the penstock. 

110 The dispersion of the salt is indicated in Fig. 32. Tltis 
shows the results of introducing salt at one bay only and taking 
the final curve from each electrode separately. Fi,·e shots were 

taken with salt introduced at each hav. The extent of this dis­
persion or distribution is greater at the. smaller gate opening when 
the ,·elocity of the water is slower. At 50 per cent gate opening, 
when salt was introduced at B, the center bay, its effect showed 
at all the final electrodes except Y. This is consistent with the 
traverse cun·es showing faster water on the X-side than on the 
Y-side. 

111 As one phase of this im·estigation, speed runs were made. 
The generator load was delivered to electric boilers, making a 
wide range of speed possible. The curve:; of discharge on r.p.m. 
for various gate openings are shown in Fig. 33. These speed 
curves are very consistent with the speed curves derived from the 
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Holyoke tests of the I. P. ::\!orris Company's model runner. It 
was possible to pick up slight differences in discharge on change 
of speed, these differences being as low as three second-feet with 
total discharges running up to 3000 sec-ft. The bumps in the 
curYes at 65 per cent and 75 per cent gate opening are duplicates 
of those shown by the Holyoke tests. The results of these speed 
runs gaYe added confidence to this method of water measurement, 
and the resulting speed eun·es were used in reducing values for 
the efficiency report on unit ~ o. 7. 

112 Early in October the ,·elocity of the water near the roof 
and floor walls of the penstock was determined by the fifteen 

(~etonds required for passage of salt from introduction electrodes in onP bay only 
to \"arious final electrodes at two gatP openings.} 

12-in. copper electrode~ attaehed to the long steel plates at A, 
B, and C, but the ,·elncity near the side walls was not accurately 
determined. Early in the im·estigations, two short electrodes, 
X and Y, close to the side of the walls of the penstock were placed 
in the same plane as the three pairs long electrodes A, B and C, 
whieh had been installed ·from the beginning. Table 11 compares 
tests with and without X and L 

TABLE ll CO~lPARISOXS SHOWIXG EFFECT OF NEW SIDE ELEC­
TRODES X AXD Y l"SED WITH ELECTRODE::> .4, R, AXD C. AT 
SO FT. HEAD 

Run No. of Gate, 0. 
Xo. tests percent cu. ft. -Final Electrodes-

per sec. 

26 10 75 21H3 1:l!.· S· ·!· ~~d t pa;,allel 
101 2·~ 2617 
103 3 :?H31 .. .. .. .. 
106 3 ~620 
107 5 20:{9 .. .. .. .. 
Average ............ 2G·t~ Weighted for shots 

lOS 5 263-1 A. B, uud C ouly parallel -0.3% 
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113 These comparisons indicate that the adt!ing of X and Y 
did not affect the int!icatcd discharge because the velocity at X 
was only slightly faster than the velocity at A, while the velocity 
at Y was slightly lower than that at C. The average of five runs 
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114 Table 12 is a comparison of the time requiret! for the 
passage of salt from the intmtluction electrodes to X ant! to 1l, 
as well as to Y and to C. The time to X was 1.2 per cent faster 
than the time to A, the nearest long electrode, while the time to 
Y was 3 per cent slower than the time to C. Averaging, we find 
that the time to X and Y together was less than 1 per cent slower 
than to A aiHl C together. Since the areas and the Yolumes assigned 
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to the electrodes A and Care twelve times the areas and volumes 
assigned to X and Y, the effect of X and Y on the total discharge 
computed from either traverse or a composite curve is less than 

TABLE 12 CO)IPARISON OF TDIE REQUIRED FOR PASSAGE OF 

SALT FRO)! I:i'<TRODt;CTION ELECTRODES TO FINAL ELEC­

TRODES A A:i'<D C AND TO X A:\D Y 

Gate, 
per cent 

50 
60 
65 
67.5 
75 
so 

Seconds to 
X A 

14.63 
13.20 
11.09 
11.64 
9.93 
9.49 

14.53 
13.55 
11.63 
11.02 
10.26 
9.85 

Gate, 
per cent 

50 
60 
G5 
67.5 
75 
80 

Seconds to 
y c 

16.34 
15.80 
13.80 
13.03 
II. 97 
11.76 

15.67 
15.61 
13.11 
13.03 
10.92 
10.92 

Totals. • • • • . . . 70.03 70.89 Totals ........ 82.70 i9.26 
Seconds for X = - 1.2% Seconds for Y = + 3.0% 

Average seconds lor X and Y = + 0. 9% 

one-tenth of one per cent, which checks the comparison in Table S. 
After this was determined the short electrodes X and Y were 
abandoned. 

CoxcLrswxs 

115 The greatest value of these investigations was the demon­
stration, under field conditions, that the tests by the salt velocity 
method as applied to the setting at Grand Mere could be repeated 
and checked indefinitely, and that the tests could be repeated 
with varying apparatus and equipment and with various methods 
of computation, and still check. These tests tried out and elimi­
nated several sources of error, and showed that the final apparatus 
and methods used in the efficiency tests were an improvement 
over the original apparatus first installed. 

116 With all the various apparatus and methods used, the 
maximum variations shown in the comparisons were + 1.3 per 
cent and - 2.5 per cent, with an average variation of one-tenth 
of one per cent for the whole. With improved apparatus the 
maximum variations were reduced. For all comparisons made 
between tests at different times the tli~charge values were reduced 
to a common head. 

\' -19:!2 CQ:\L\IERCL\L TESTS 

11 i During the fall of 1022, ten successful commercial tests 
were made using the salt velocity method. On all of the tests 
the object was the measurement of the discharge through the 
penstock of a power plant. On seven of the tests the discharge 
values were used in computing the efliciency of the units, on two 
tests ·the discharge values were used to calibrate meters, and in the 
tenth test the values were used for determining the efficiency 
of the unit and also for calibrating a Johnson nJve to be used as a 
venturi meter. 
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APPARATUS AND ~1ETHODS 

118 The plants under 'test were all hydroelectric power plants. 
The sizes of penstocks used were: 

Two tests- Riveted steel 11 ft. diameter, 1000 ft. long. 
Two tests- " " 12 " " 500 " " 
Two tests- 13 " 1500 " 
One test - Reinforced concrete 20 " 500 " 
Three tests -Concrete. Rectangular tapered, 10 to iO ft. long. 

119 The tanks used varied from 150 to 1200 gal. in capacity 
and the salt pipes from 2 to 4 in. in diameter. Fig. 34 shows one 
of the large installations. 

120 Salt Introduction. In all cases the salt solution was con­
trolled by a quick-acting valve in the supply pipe leading from 

FIG. 34 SALT TANKS AND DISTRIBUTION PIPES FOR TEST OF 50,000-HP, 
UNIT 

the pressure tank, and was introduced into the penstock through 
pop valves. In the steel pipes one 2!-in. pop placed at the 
center of the penstock entrance was used. In the concrete pen­
stocks multiple pops of various sizes were used, as many as 24 
being installed for one penstock. 

121 Electrodes. The electrodes were of various forms and 
sizes, and both steel and copper were used. For insulation of 
these electrodes horn and fiber, hard and soft rubber, and porcelain 
were used, and on the later forms waterproof shellac was freely 
used on all contact surfaces. The spacings between pairs of 
electrodes varied from T'n- in. to 4 in. In most cases two plates 
were used for each set, but in the others three parallel plates were 
used to get more surface and a greater deflection of the meter 
needle. Fig. 35 shows a design using three copper plates. 

122 For the circular penstocks one set of electrodes was used 
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for finals at the lo\Yer end, but on the rectangular penstocks 
multiple sets were used to coYer the cross-section. In one case a 
complicated system of electrodes was used. By a combination 

3CopperPiates 

llardwocd Pluetfumeda"ct 5 ._, v· Lo k. D t 
tapered fOrctrivmg C1!7cl t .... e 1ew o mg owns ream . 
soaked in (Jil :·J3o!fs lnsuletfedwtfh RubberHo>e. 

• ..!" ,.(, : !lubber lnsulafmg S/Xlcen; wdh " ru J. . oppers : joints Shellacked------.. 

WtresSolderectuncler Coppers. . f: 1 14" ~------- 12" -·-----·>-~ 
Edge> or Outside Coppers beveled. ~···-,.] ~·: .. · I j . ·. . I 
Holes ror Wires plugged wut~r ftghf ' '" _ _ . 

.. '--i6 

End Plan Not to Sccd11 

FIG. 35 f'KETt'l! OF 3-PLY ELECTRODE 

of long st!'cl am! short copper plates 35 electrodes "·ere placed 
in one plant to co,·cr a cross-section of 335 sq. ft. area. Figs. 36 
and 37 show two forms of electrodes used on a test of unit X o. 6 

FIG. 3() ELEC'THODE l">'ED IX CoxrRETE I'ExsTorK ~0 FT. IX Dr.niETER 

for the Shawinigan \\"atcr and Power Company, at Sha"·inigan 
Fall;.:, Quebec. 

123 For reeording the introduetion of :-:alt at thi' tlppi'r i'!HI 
of the pen~tuck, both switche~ and electrodi's were u~cd. On 
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all the long pipes a contact switch was installed on the handle 
of the quick-acting valve, but on all the short penstocks upper 
electrodes were placed close to the pop valYes. In sm·eral cases 
the upper electrodes were fastened to the pop valYes. 

124 Meters. All introduction signals and all electrodes were 
wired to the recording meters. These meters were the same 
instruments as were used in the Hl22 field investigations. Alter­
nating current at 110 volts was used in these circuits, hut at times 
portable transformers were use<! to change the Yoltage an<l current 

FIG. 37 ELECTHOnF.s UsED n1 GATHERING Ttam~ 

in regulating the <iefleetion of the meter needle and the height 
of the curves. 

125 Timing. On some of these tests a standard seconds­
pendulum clock was wired to the recording meters, and by means 
of batteries, a relay, ami a spark coil, jump-spark dots recorded 
seconds on the chart. For the remaimler of these tests no clock 
was available and a seconds pendulum with a magnetic weight 
was used. This pen<lulum was made in the fiehl, ami during the 
first test did not beat exact seconds, making a time calibration 
necessary. For all the later tests the pen<lulum was adjusted to 
beat exact :;eeonds an<! was fre<[lJently checke<l. 
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126 Standards of 1ll easurement. K o standards of water measure­
ment were employed on these tests and no other methods used 
except when a meter was being calibrated. At one plant the 
same unit was tested by the Gibson method, and the final curYes 
by the two methods checked exactly along the range of high effi­
ciency and only varied slightly at the lower gate openings. 

127 Computations. Prior to a test the Yolume of a penstock 
was always accurately detennined from plans and checked by field 
SU!Tey. 

128 \\'hen the salt introduction was recorded by a signal 
switch on the quick-acting Yah·e, time "·as computed from a 
point midway between the opening and closing of that Yalve. 
For all curYes indicating the salt passing the electrodes, the time 
was computed to the center of graYity of the cun·e or to the 
center of area as indicated by the line of jump-spark dots through 
the watt-hour meter. From 5 to 10 shots or charges of salt solution 
were used for each run, and the aYerage of all the shots during a 
run was used in computing the discharge. 

RESULTS AXD CoxcLusroxs 

129 The results of the tests on the long, round penstock "·ere 
consistent and confirmed the accuracy and reliability of the 
method applied to such penstocks. They also justified the Yarious 
apparatuses and methods of computation used on the rectangular, 
tapering penstocks, but they did not shed any additional light 
on the accuracy of the method as applied to that type of penstock. 

130 Howenr, one of these tests on a large unit in Canada did 
confirm the accuracy of the salt Yelocity method on rectangular 
conYerging tubes. The penstock for this unit was 500 ft. long with 
a. uniform diameter of 20 ft., and was fed by four rectangular 
conYerging tubes and one elliptical diYerging tube. During these 
tests it was possible, at fiye different gate openings, to compare 
the discharge measured in these fiye tubes with the same discharge 
measured in the main penstock of uniform cross-section. The 
greatest variation was 0.7 per cent, and the aYerage of all dis­
charges checked exactly. These four rectangular conYerging 
tubes were typical of the penstocks at Grand ~Iere, and this 
checking of results gaye added assurance to the accuracy of the 
tests on rectangular tapering penstocks. 

Vl-1923 LABORATORY IX\'ESTIGATIOXS 

131 Following the field inYestigations at Grand ).!ere, Quebec, 
which were completed in X oYember 1()22, another set of laboratory 
investigations was made at Worcester, in January, February, and 
).larch, 1()23. The main object of these investigations was to 
determine the degree of accuracy of the salt nlocity method 
against the weighing tank, and particularly the accuracy of the 
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apparatus and methods of computation used during the field 
and efficiency tests of 1922. 

APPAHATUS AND l\lETHODS 

1:32 Plant. An 8-in. steel pipe, reduced to 6 in. and 4 in., 
and branching from the main penstock of the Alden Hydraulic 

5/cefch not to sccrle 

FIG. :~s SKETcH oF S-IN. STEEL PIPE, \VoRcEHTER PoLYTECHNic 

INRTITT"'TE LABORATORY 

Laboratory, was used for these later investigations. Fig. 38 shows 
this pipe and the stations used in these tests. 

133 Apparatus. The brine was mixed in a 50-gal. open mix­
ing tank, and a hand force pump was used for the salt injection 
through ~-i11. pipes. These pipes entered the 8-in. pipe at two 

esc 

}'IG. 39 ELECTRODE~ UsED IN LABORATORY, 192:3 

stations, F and G. F was 3ft. downstream from a 90 deg. bend in 
the S-in pipe, and G was 1 ft. upstream from the same bend. Both 
of these injection pipes were controlled by valves, and pop valves, 
open ends, and perforated pipes were used for the salt distribution. 

134 Various electrodes were used. Two wire screens (i-in. 
mesh), spaced from l in. to ! in. apart, were used at stations 
A, B, and E. A traversing electrode was made of -f-in. by 1

1
6 -in. cop­

per plates, with i in. of the plates exposed. Four of these plates, 



0:!:::) SALT VELOCITY li!ETIIOD OF WATER IIIEASUREl!EXT 

spaced -Is in. apart, were placed parallel to each other. This 
electrode attached to a pitometer rod was used at station C. 

135 The so-called "flat" electrodes were made of two ~ in. by is 
in. copper plates 8 in. long, placed parallel and spaced i in. apart. 
These electrodes were used at stations A, C, and D. "-hen used 
at station A these plates were fastened between the pipe flanges, 
and when used at C and D they were fastened to pitometer rods 
and inserted through stuffing boxes. 

136 The so-called "improved" electrodes were made of the 
same plates as the flat electrodes, but with different spacing. The 

-l-in. spaces at the ends 
remained unchanged, but 
the center spacing was 
increased to ~ in. and to 

__.r:'""":ZI":l ;r • ~ i in. These electrodes 
iP*& were used at stations A, 

C, and D. Photographs 
of four electrodes are 
shown in Figs. 30 and 40. 

FIG. 40 btPROYED ELECTRODE UsED 1x 137 In order to simu-
LABOHATOHY, 111:!:3 late the conditions in.the 

unit X o. 7 penstock at 
Grand ""!ere, where the pcrpcnclicular final electrodes were at an 
angle with the direction of the water flow, one imprO\·ed electrode 
was made of longer plates (11 in.), which was used at station H. 
Station H was 4 in. below station C and is the center of this 
longer electrode when inserted at station C and bent downstream 
at an angle of 45 deg. 

138 Yarious combinations of all these electrodes were used 
during the tests. 

130 The electrodes were wired to a Bristol alternating-current 
recording ammeter of fiye amperes capacity. Current at 110 volts 
was used, and the chart was motor-drh·en, either by electric or 
by phonograph motor. The electrodes were also connected to a 
recording wattmeter, and a polyphase watt-hour meter. This 
watt-hour meter was a part of a dc,·ice de,·eloped by ""Ir. Thi­
beault of the Laurentide Power Company and called an "inte­
grator." Since 110-Yolt, GO-cycle, alternating current was used 
in the salt electrode circuits, it was necessary to usc alternating­
current instruments. The wattmeter and the watt-hour meter 
were of the commercial polyphase type (although single-phase 
current was used) with the t\YO potential clements in parallel and 
the two current clements in series to double the torque and aug­
ment the quickness of the instruments to respond to changes in 
the load. The recording ammeter and recording wattmeter \Ycre 
of the ordinary type and need no special mention, but the action 
of the integrator requires detailed description. 

140 The object of this integra tor is to determine by exact, 
simple, easily workable, and graphical means the instant when 
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one-half of the salt-solution charge has passed the electrode. A 
commercial watt-hour meter is connected with its current coil in 
series with the electrodes and with its potential coil energized by a 
constant voltage. On the rotating shaft of the meter is mounted 
a simple circuit interrupter gi,·ing 24 interruptions per revolution 
to its circuit, which is a local direct-current circuit through the 
actuating coil of a simple contact-opening relay. These contacts 
in turn energize the low-tension side of a spark coil of which the 
high-tension leads are connected to a spark gap. A spark punc­
tures the recording-wattmeter chart at e\'ery interruption of the 
interrupter circuit. 

141 The spacing between punctures will vary inversely as 
the speed of the watt-hour meter disk, and consequently inversely 
as the conductivity of the liquid between the electrodes. While 
water only is passing the spacing should be uniform; but while 
the salt solution charge is passing the spacings become smaller. 
This corresponds to the curve of the recording instrument, the 
ordinates of which arc low and uniform under the former condition 
and higher under the latter. 

142 The recording wattmeter gives a measure of the amount of 
salt in the charge (assuming constant \'elocity and a straight-line 
relationship between salt density and conductivity) in the area of 
that part of the curve lying above the horizontal line representing 
the conditioi)S when no saiL is passing. 

143 A measure of the salt passing is also recorded by the in­
tegrator. The horizontal line on the chart, indicating a uniform 
condition of conductivity of normal water, is here replaced by its 
exact equivalent in a series of uniformly spaced punctures. Con­
ductivity in excess of this value occurring during the passage of 
salt demonstrates itself proportionally by the increase in frequency 
of the punctures. 

144 Referring to a chart pontaining a complete record of the 
passage of a salt charge by the integrator, Fig. 26 or 27, the time 
when the solution started to pass and the time it left the electrodes 
are noted by observing when the spacing of the lower line of punc­
tures changes. Measuring the distance between these two (initial 
and final) points and dividing by the length of the normal spacing 
determines how many punctures would have occurred if no salt 
had passed. By counting the actual number of punctures occurring 
during the period of salt passage just selected and subtracting 
from this number the number derived as abo\·e, representing the 
number of punctures due under normal conditions of flow of 
water with no salt added, the number of excess punctures is de­
termined. 

145 The resultant figure of excess is thus proportional to the 
amount of salt in the charge. One-half this figure of excess is also 
proportional to one-half the quantity of salt in the charge. There­
fore, if that point on the chart is found where the actual number of 
puncture spacings minus the number due to the water before 
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dosing with salt, equals one-half the excess of the total passage, 
the moment is established when one-half of the salt charge has 
passed. To facilitate the determination on the chart of this point, 
a simple portable scale was adopted which greatly reduced the 
amount of work required. 

146 To provide a time scale on the charts of the recorders of 
all types, the same device of puncturing the sheet with a jump 
spark was employed, the spark being controlled by a relay actu­
ated in turn by a contact-making clock that marks one-second 
intervals on the chart. A wiring diagram is shown in Fig. 23. 

Fw. 41 SAMPI,E CuRVE:< oF Tr:,;Ts o:-. t>-IN. STEEL PIPE 

147 The standard for the water measurement during these 
tests was a copper-lined weighing tank of 50,000 lb. capacity. 
The scales were frequently checked with standard weights and were 
very accurate. They were also Yery senRitiYe, a difference of 
t lb. showing on the balance arm. 

DESCRIPTIO:'-< OF TESTS 

148 All of the apparatus ant! all observers for these tests were 
in one room. One obserYer operated the salt pump. Another 
operated the switches and the recording meters and directed the 
tests. A third man operated the weighing tank and kept the 
data noted. During a part of the time a fourth obserYer was 
used in computing curYes and changing pipe and electrode con­
nections. 

149 All tests were numbered and recorded against the time of 
day, and the necessary notes were kept on both the meter charts 
and the data sheets. Sample curYes are shown in Figs. 41 ami 
42. 
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Fw. 43 SAMPL}; CuRVER OF TEsTs ox 8-rN. f'n:EL PIPE 

FILE [;OJ 

SHEET l OF' 14 SHEETS 

SALT VELOCITY TESTS 
C. a.. ... LLEN. WORCESTER. MA$!1 

0 DATA OF' TESTS ON Invut1ge.t1Qaa (1923t UNIT NO. -

MADE BY AT PLANT o,Wo P. I • LAB. Woroea te'r 

TESTS MACE f'OR Laurentide Power Co., Ltd. Quebec DATE£/4/23 

l£NGTH. Steel Pipe USEDt:~ i~:i! SIZE 9"-t YOLUMEf:i~ R, P.M.-

Tut Guo T;,., ""'r [!"l<odu SKO~do Q 

•' Re"'''~' BUD •.. " p:x. I~¥;· Tut '··· ~ f p •. 

w ~~- nt. inal 
10M 2o.84 862 I> c 
1064 100 P'let 

lo~ 2.63 6.6e A-I> !I nate 
6 6 9Zet 4893 .307 A .2.57 6.67 l.Z67 iA·D & C 

128 6 Vol. Vol.. 2.62 6.60 ·~ 7 
~217 

D- C• 2.[;0 6.68 A-C Pop 
1068 2:40 3,626 7,64 ~ ~ ,Ul) 

Ave. 2.68 5.61 +2.9:S: 
i 

1069 100 2:48 1689 Plat Scree 6.42 Plat 1-
70 A B 6:17 Sor&eD 

0 l 6.22 A & B 
2 Vol. 6.32 Pop 

129 z 4 r·· 4885 ,304 8.13 6. 26 6.2e 1.299 .. 6. 27 
6 6.2"1 -0.4;t 
6 6,18 
7 6.24 

1078 2:62 21122 6.28 

1079 60 2:66 ~111. Same 11.62 
eo I 11.47 

130 l 6 

f"' 
2662 .708 . 8.130 u." llolil .'101 

2 11.49 
1083 3:01 372 11.69 -0.1~ 

1084 25 3:08 232 sa ... 18.75 . 
6 18.:18 

lZl 6 .439 V.• 8.130 18.30 18.44 .441 

' 18.38 •0.5;t 
1088 18.59 

14 22968 1641 I> c 
1089 26 

~·-
Plat ~le.tB 8.18 l6.60 J.-1> nete 

q)2 eo ... I> • c 7.66 .. 67 .454 ,1> l c 
l .439 ol. Vol. 7. 70 6.30 ~ :l . c • 7. 79 6. 76 A Fop 
3 .626 7.548 7.66 .. 77 .456 

~08 S:~2 Ave. 7. 77 16.66 •3.6:( 

FIG. 43 8A~1PLE DATA SHEET OF 1\123 LABORATORY INVESTIGATIONS 
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150 Including trials, oYer 1300 individual charges of '3alt solu­
tion· or shots were used, which were grouped into 161 ruP.s. These 
runs were segregated into 45 groups, based on the stations.- the com-

((by 
Weiqh+ 

0.409 Sec-H. 

Q by 
Troy~r.se 

04/0Soc-f+ 
+0.2"1. 

Q.by 
Worqhf 

0 730Sec-ff. 

Qby 
Trov<2r.se. 

0726Sec-H; 
-06% 

Q.by 
Woiqht 

!39()5ec-ff 

Qby 
Traverse 

/394Sac-f+ 
-037. 

Fw. 44 TRAY>:R~>: Ct:H\'ES FOR S-rx. ST>:>:L PIP>~ 
(Electrodes- 4 plates, 1 X l-in. copper.) 

binations of electrodes, and on the method of computing the cun·es 
which \Yere used. 

151 At the upper end of the S-in. pipe, ncar its junction with 
the main penstock, was an S-in. vah·e which was kept wide open 

TAilLE 13 PIPE LEXGT1!:3 AXD \'OLL\IES AXD ELECTRODES 
l'~ED IX JD23 LABORATORY TEiiTS 

Stations ~-- Electrodes --~ Length, \'olume 
feet cu. ft. 

A to B ~crcPn at A Screen at B 22.51' 8.142 
A to B Flat (or Imp.) at .\ R"crecn at B 22.53 8.130 
A to C Flat at A Flat at C 20.91 7 .5-!S 
A to C Hcreen at A Flat at C 20.95 7.560 
A to D ~C'rPcn at A Flat at D 9.81 3.540 
Atoll Fbt at A Flat at D 9.i7 3.526 
A toE !-'nccn at .\ Screen at E 30.20 9.913 
A toE Flat at.\ Screen nt. E 30.16 9.901 
Atoll ~C'TC'Cll at ;\ Flat (45") nt II 21.27 7.678 
D toIl ~<'rr·en at R Flat at D 12.76 4.602 
D to C Flnt at Il Flat at (' 11.14 4.022 
D·to E Flat at D ~crccn atE 20.39 6.377 
F to B Pop at F :--:crPen at B :!3.no S.626 
F toG Pop at F Flat at C 22 .2S 8.010 

Aren of S-in. pipe= 0.3lil ~q. ft. 
\~olume:'> det('rmined by weight of water contPnts. Checked by tape'. 

during the tests. The gate opening was controlled by a 4-in. 
1·ah·e o1·er the weighing tank at the lower end of the pipe line. 
This Yah·e was always set at least two minutes before a test to 
insure a uniform rate of flow, and for the same reason the swi1·el 
pipe used to turn the flow in or out of the tank was at the same 
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angle with the perpendicular at each position and was locked in 
place. As a rule, all runs were repeated at three gate openings, 
quarter, half, and full. 

152 "\Yhen starting a test run, the weighing tank was emptied, 
the waste val\"e closed, and the tank was carefully weighed. On 
the next even minute, the operator turned the water into the 
tank and a few seconds later the recording meters were started 
and the first shot of salt was injected. Usually from five to ten 

TABLE 14 

Length of steel pipe used, 22.57 ft. Size, 8 in. Volume, 8.142 cu. ft. 

R n No. of Gate, Q, Cu. Ft. Per Sec. Salt, Average, Salt u per by Ly per per Computation Group No. 

Ia 
2a 
3a 
4a 
5a 

Ia 
2a 
3a 
4a 
5a 

143 
144 
145 
146 
147 
148 

149 
].50 
151 
152 
153 
154 

Tests cent weight salt cent cent Injection 

Two screen electrodes at Station A and Station B. 
7 100 !All 1.40S -0.2 

\Perforated pipe 
18 100 1.411 1.389 -1.7 { PPaks of curves or } 
12 70 0.970 0.955 -1.5 maximum deflec-

9 25 0.391 0.387 -1.0 tion of meter 
9 25 0.391 0.389 -0.5 

55 -1.2 

7 100 1.411 !.·!OS -0.2 

\ Pcrforaterl pipe 
18 100 1.411 1.399 -0.9 {Center of gravity ) 
12 70 0.970 0. 97:l +O.:J of curves (by 2 

9 25 0.391 0.38\1 -0.5 eye) 
9 25 0.391 0.394 +O.S 

55 -0.2 

10 100 1.356 1.37G +!.5 
10 !00 I. 311 1.322 +O.ll 
10 50 0. 709 0. 702 -1.0 Pop valve {Center of gra\·ity } 44 
10 25 0.442 0.-149 +!.G (by eye) 
10 25 0.443 0.445 +0.5 
10 50 0.709 0. 701 -1.1 
Gil +0.4 

Screen at Station A. 8-in. improved electrode bent downstream at angle of l5 de g. at 
Station C. (H) Length pipe used, 21.27 ft.-~ in. +d. Yolume, 7.678 cu. ft. 

10 50 0.714 0.718 +O.O 
10 50 0.714 0.712 -O.:l 
10 25 0.39G 0.398 +0.5. 
10 25 0.398 0.397 +0.3 
10 100 1.326 1.322 -0.3 
10 100 1.322 1.318 -0.3 J 

Pop valve 

60 +O.l 

Average of 3 groups (omitting group 1 on account of peaks) 

{ 
("entPr of gravity } 45 (hy ••yo) 

+ 0.11 per cent. 

shots constituted a run, but for the traverses as many as forty 
shots were made for one run. On the next even minute following 
the last shot of the run, the tank operator turned the flow of water 
out of the tank into the waste pipe and again the tank was carefully 
weighed. The inten·als between the two \veighings varied from 
three to twenty-five minutes. 

Co~IPUTA TIONS 

153 The length and diameter of the various sections of pipe 
used were carefully measured and the volumes between the sta­
tions computed, but these figures were used only as preliminary 
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TABLE 15 

Length of steel pipe used, 22.57 ft. Size, 8 in. Yolume, 8.H2 cu. ft. 

Run No. of Gate, Q, Cu. Ft. Per Sec. Salt, Average, Salt 
No. T sts per by by per per Injection Computation Group 

e cent weight salt cent cent 

Two screen electrodes at Station A and Station n. 
2 12 100 1.405 1.382 -1.7 

} Perforated pipe 
{Center of area by } 

3 8 50 0.693 0.682 -1.6 dots inrluding all 3 
4 6 25 0.461 0.458 -0.7 drag 

26 1.4 

2 12 100 1.405 1.404 -0.1 f Perforated pipe {Center of area } 3 8 50 0.093 0.690 -0.4 4 
4 t.i 25 0.461 0.461 0.0 without drag 

26 -0 2 

5 8 100 1.385 1.396 +0.8 
t.i 6 50 0. 773 0.770 -0.4 
8 8 25 0.456 0.456 0.0 {Center of area by } 
9 1:! 100 1.396 1.393 -0.2 Pop valve watt-hour meter 5 

10 6 66 0.886 0.884 -0.2 (dots) 
11 6 50 0. 708 0.710 +0.3 
12 5 25 0.410 O.H3 +0.7 

52 +0.1 

8 8 25 0.456 0.451 -0.9 
9 13 100 1.396 1.408 +0.9 l Center of area by } 10 (j 66 0.886 0.893 +o.8 Pop vah·e watt-meter 6 
ll 6 50 0.708 0.712 +0.6 curves (eye) 
12 5 25 0.410 0.414 +l.O 

38 +0.5 

23 7 100 1 .410 1.414 +0.3 

\ 
24 4 100 1.410 1.421 +O.S 

{Center of area } 25 4 50 0.73G 0.734 -0.3 Open pipe at without drag 7 26 4 50 0.736 0.739 +0.4 ~tation F (dots) 27 4 25 0.445 0.443 -0.5 
28 4 25 0.445 0.445 -u.o :r +O.l .. 

AYerage of -l groups (omitting group 3 on account of drag)= + 0 .Iii per cent. 

TABLE 16 

Length of steel pipe used, '22.57 ft. ~ize, 8 in. Yolume, 8.142 cu. ft. 

Run Xo. of Gate, 0, Cu. Ft. Per Sec. ~a It, Average, 
~alt 

Xo. Tests per by by per per Injection Computation Group 
cent weight salt cent cent 

Two scrern electrodes at ~tat ion A and i'tation B. 
38 6 100 l.40V 1.397 -o.n 

} Open pipe at {Center of area 39 7 50 0.727 0.725 -0.3 8 
40 5 25 0.431 0.431 0.0 Station G without drag 

18 -0.4 

41 5 100 1.404 1.399 -0.4 } Perforated pipe {Center of area } 9 42 5 100 1.406 1.405 -0.1 at Station G without drag 
16 -0.3 

86 5 50 0.729 0.727 -0.3 
87 5 100 1.370 1.375 +0.4 Pop val\•e C'PnlPr of area 10 
90 6 100 1.372 1.370 -0.1 

1u 0.0 

92 5 100 1.373 1.375 +0.2 
94 7 50 0.719 0.71G -0.4 Pop valve C("ni£'r of arN\ ll 
95 5 25 0.-127 0 .4:!.~ +0.2 

17 0.0 

141 u 100 1.317 1.30\l -0.6 Pop vah·c Ccnt£'r of area 12 142 2 25 0.427 0.-127 0.0 
~ -0.3 

AvNage of 5 groups = - 0.18 per cent. 
Average of 3 sheets (.~os. 2, 3, and 4) all with two srrcen electrodes nt .\and B (12 groupe, 

51 runs and 387 shots), = + 0.07 per cent. 
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values. A more accurate method of determining the volume, that 
is, by weighing the same volume of water, was used for the final 
computations. The section of the pipe was blanked off except for 
Yent holes and filled with water. This water was carefully drawn 
off into a tank and weighed on calibrated scales. Temperature 
corrections were made, and the operation repeated and checked. 

T,\BLE 17 

Length of steel pipe used, 20.95 ft. Size, 8 in. Yolume, 7. 560 cu. ft. 

Run No. of Gate, Q, Cu. Ft. Per Sec. Salt, Average, Salt by by Computation Group No, 

20 
21 

31 
33 
34 

35 
36 
37 

44 
45 
46 

85 
ss 
89 

7a 
16 
17 

122 
128 
132 

Tests c~~~ per per Injection weight salt cent cent 

Screen at Station A. 8-in. improved electrode at ~tation C. 
6 50 0.622 0.627 +o.s l Pop vah·c Centrr of .t\rea 10 100 1.397 1.410 +0.9 

16 +0.9 

5 100 1.402 I .4l!l +I. I 
( C'('ntcr of area 5 50 O.i40 0.741 +O.l Open pi]>e 

6 25 0.449 0.452 +0.7 \ without drag 

T6 +0.6 

5 25 0.449 0.451 +0.4 ) Perforated pipe {Center of area 8 .10 0.73S 0.741 +0.4 
7 100 1.407 1.404 -0.2 aboye 8-in. ell. witbout drag 

20 +O 2 

6 !00 1.407 1.411) +0 6 } Perforated pipe { Center of area 7 50 0. 713 0. 718 +0.7 
5 25 0.425 0.429 +0.0 bclo"' 8-in. ell. withottt rlrag 

18 +0.7 

6 50 0.729 0.727 -O.:l 
6 100 1.370 1.362 -0.6 Pop vah-e Crntrr of area 
5 100 1.372 1.377 +0.4 

17 -0.2 

1\Ycragc of 5 groups (ll runs and 87 shots)=+ 0.42 per cent. 

!-'!Cf(>Pfl at !-'tation A. S-in. flat electrode at c;tation C. 
6 25 0.401 0.406 +!.3 ) Perforated pipe r Center of gravity 6 100 1.395 l.HG +1.5 
5 40 0.620 o.o3i +2:7 and pop valYc \ (eye) 

17 +I.S 

Two 8-in. flat electrodes at Ctation A and Station C. 
.5 50 0.716 0. 746 +4.2 
5 100 1.307 1.34.1 +2.9 Pop valve ( •f' n t('r of arf'a 
!i 2.5 0.439 0.455 +3.6 

15 +3.1; 

Table 13 shows the lengths and volumes used. Fig. 43 is a >'ample 
data sheet of the 1923 laboratory investigations. 

154 A di"cussion of the various methods of computing the dis­
charge from the curYes will be found in Section III of this paper. 
In these tests on the 8-in. pipe the curves obtained were usually 
symmetrical, so that the axis of the theoretically correct center of 
gravity coincided with the easily determined center of area. Since 
the main object was to compare the results by weight with the 
results computed from this center of area as determined by the 
integrator dots, that method of computing curves was usually 

13 

)14 

)15 

)16 

17 

)1s 

19 



Run 
1\"o. 

80 
81 
82 

100 
101 
102 
104 

109 
llO 
113 

108 
Ill 
liZ 

lOS 
Ill 
112 

Run 
~0. 

129 
130 
131 
134 

91 
93 
96 

125 
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TABLE IS 

Length of steel pipe used, 22.53 ft. Size, 8 in. "volume, 8.130 cu. ft. 

~o. of Gate, Q, Cu. Ft. Per Sec. Salt, Average, Salt Tests per by by Computation per per Injection cent we1gh t salt cent cent 

S·in. improved electrode at Station A. Screen at Station B. 
6 100 1.394 1.399 +0.4 

} 6 50 O.i21 0.723 +0.3 Pop valve Center of area 
6 25 0.434 0.436 +0.5 

IS +0.4 

10 100 1.401 1.392 -0.6 
5 50 0.719 0.715 -0.6 Pop valve Center of area 6 25 0.438 O.HO +0.5 
7 100 1.404 1.411 +0.5 

2s -0.1 

5 25 0.424 0.428 +0.9 
5 50 0.722 0.727 +0.7 Pop vah-e Center of area 
5 100 1.400 1.395 -0.4 

15 ·-- +0.4 

5 25 0.424 0.425 +0.2 
} Perforated pipe {Center of area 4 50 0.722 0.712 -1.4 

5 100 1.400 1.380 -1..1 without drag 

TI -0. 8 

5 25 0.425 0.418 -1.4 t Perforated pipe I Center of area 4 50 0.722 0.692 -4.1 
5 100 1.400 1.328 -3.\l J \ with drag 

14 -3.1 

Average of 4 groups, consisting of 13 runs and 7.3 shots = - 0. 01 per cent. 

Length 

:\o. of Gate, 
Tests per 

cent 

10 100 
5 50 
5 25 
i) 25 

25 

5 100 
5 !)0 
5 25 

l5 

Omit group 24 on account of method of computation. 

T..1.BLE 19 

of steel pipe used, 22.53 ft. ~izc, S in. 
Q, Cu. Ft. Per Sec. Salt, Averag-(', 

Yolum(-', 8.130 cu. ft. 

by by per per 
weight salt cent cent 

8-in. fiat electrode at Station A. 
1.304 1.299 -0.4 
0.708 0.707 -0.1 
0 .43D 0.-141 +0.5 
0.439 O.HO +0.2 

-0.04 

} 

Salt 
Injection Computation 

Screen at ~tation B. 

Pop vah·c CentPr of area 

Pipe 23.90 ft. long. Volume = .<;. 626 cu. ft. 
Signal on pump for lntroduetion. t-'cn'en at :'tation B. 

1.373 1.37 4, +0.1 
0. 719 0. 713 -0.8 Pop ,·alvc CentC'r of area 
0.427 0.428 +0.2 

-0.17 

Average of 2 groups (I runs and 40 shots) - 0.09 per cent. 

Two S-in. flat electrodes at Station .·\ and Station C. 

5 50 0.716 0.717 { 
('('nter of area 

+O.I +0.1 Perforated pipe with drag 

Two errors balance each other. 

Group 

20 

21 

22 

} 23 

}24 

Group 

25 

31 
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TABLE 20 

Length of steel pipe used, 20.91 ft. Size, 8 in. Volume, 7.518 cu. ft. 

Run No of Gate, Q, Cu. Ft. Per Sec, Salt, Average, Salt 
No. · per by by per per Injection Computation Group 

Test:; cent weight salt cent cent 

Two 8-in. improved electrodes at Station A and Station C. 
74 5 25 0 -147 0.145 -0.4 
78 6 100 1.381 1.386 +0.4 Pop valve Center of ar£>a 26 

117 5 100 1.398 1.388 -0.7 
121 5 50 0. 721 0. 719 -0.3 

2i -0.2 

97 5 25 0.456 0.454 -0.4 
98 6 50 0.732 0.72G -0.8 Pop valve Center of area 27 99 10 100 1.400 1.400 0.0 

103 5 100 1.404 1.408 +O 3 
26 -0.2 

75 5 25 0.447 0.448 +0.2 } Perforated pipe {Center of area ) 28 79 5 100 1.381 1.368 -0.9 below 8-in. ell. v~.-i thou t drag 
lo -0.4 

105 5 100 1.-!05 1.404 -0.1 } Perforated pipe {Center of area ) 29 106 5 50 0.725 0. 724 -0.1 
107 6 25 0.423 OA25 +O . .'i above ~-in. ell. without drag 

16 +0.1 

105 5 100 1.405 1.363 -3.0 } Perforated pipe { Center of area ) 30 106 5 50 0.725 0. 718 -1.0 
107 6 25 0.'123 0.418 -1.2 aboYe 8-in. ell. with drag 

{6 -1 

Average of 4 groups (13 runs and 73 shots) = - 0.16 per cent. 
Group 30 omitted on account of method of computation. 

TABLE 21 

Length of steel pipe used, 20.% ft. Size, 8 in. Volume, 7. 560 cu. ft. 

Run No. of Gate, Q, Cu. Ft. Per Sec. Salt, Average, Salt 
No. Tests per by by per per Injection Computation Group 

cent weight salt cent cent 

Traverses 

Screen at Htation A. ~-in. eleetrode at Station c. 
13 41 25 0.416 0.-120 +1.0 \ p . 1. {By equal-area ) 32 H 42 50 0.730 0.7:W -0.6 J 0 P "' 'e method Hor. 15 41 100 1.394 1.37S -1.1 
3 12{ -0 2 

47 35 100 1.399 1.402 -t-0.2 
} p v lv {By equal-area ) 33 48 33 100 1.398 1.394 -0.3 

50 31 25 0.·109 0. -!10 +0.2 
op a e method Vert. 

3 99 +0.1 

Average o( 2 groups. G traverses = - 0. 10 per cent. 

Screen at Station A. ~-in. electrode at Station C, held at a fixed point which was 
computed from the above traverses. 

55 10 100 1.400 1.410 +0.4 
} Pop ,·alve Center of area { v!;t. 57 11 50 0. 727 0.727 0.0 

58 10 23 0.439 0.413 +0.9 
3 31 +O.l 

59 10 100 1.397 1.423 +1.9 
} Pop valve Center of ar;a { J~r. 60 10 50 0. 723 0.729 +O.S 

61 10 25 0.431 0.426 -1.8 
3 30 +0.3 

Average of 2 groupR, 6 points= + 0.37 percent. 
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followed. HoweYcr, other methods of computation, such as 
curYes by other meters, using peaks of cun·es, center of gravity of 
curYes as determined by eye, with and without the drag at the 
ends of the curves, as well as the curYcs and dots made with poor 
salt-injection pipes, such as an open-ended pipe and a perforated 
pipe instead of a pop valYe, were all used to determine the amount 
of yariation. 

155 As in the laboratory inYcstigations in 1922, when the 
salt velocity method was compared with results by weir and 

TABLE 22 

Length of steel pipe used, 9. 77 ft. Size, Sin. Yolume, 3.526 cu. ft. 

Run :\'o. of Gate, Q, Cu; Ft. Per Sec. Salt, AYerage, 
N" Tests per by by per per 
... o. cen.t weight salt cent cent 

Salt 
Injection Computation Group 

Two S-in. improved electrodes at Station A and Station D. 
1J.l 5 100 1.41)6 1.410 +0.3 +0.3 Pop vah·e Center of area 36 

Two S-in. flat electrodPs at Station A and Station D. 
122 5 .'iO 0.715 0.7H +4.0 
123 5 50 0. 716 0.742 +3.3 
127 5 100 1.307 1. 331 +LS Pop \·al\·e CPuter of area 37 128 5 100 1.307 1.3ti7 +4.6 
132 5 25 0.-!3fl 0.-!54 +3.4 
133 5 25 0.439 0. 45.1 +3.4 

30 
+~.·! 

125 5 50 U.7lti 0.';17 +U.I +O.I Perforat('d pipe r CPnter of area 
}3s \ with drag 

:-;cref'n at Station A. S-in. flat electrode at Station D. 
134 5 Z5 0.430 0.454 +3. 7 
13.5 5 100 
138 5 50 

1.300 1. 3.)0 +3. s 
0. 709 0. 73!! +4. 2 Pop \·alve Center of area 39 

139 5 2;) 0.429 0..!48 +lA 
2o 

+!.O 

On run Xo. 12;), tw0 errors, flat final eif'drotfp and cornpufing; curves with drag (one plus 
and one minu:s). canr,cl eaeh other. :\ot reliable. 

Yenturi meter, and the method of computing cunes by fixing the 
axis of the center of gravity by eye gaYc re~ults var~·ing less than 
one per cent from the true Q, that method of computation applied 
to these 1023 tests gaw results within one-half of one per cent from 
the results by weight. 

15G TraYcrses were made acro;;s the pipe in both Ycrtical and 
horizontal positions. The di,;charge was computed by plotting 
Ye!ocities at different positions in the pipe ami using the equal-area 
method for computing the total discharge. It will be noted that 
th~sc Yelocitic;; arc not instantaneous YclocitiPs at the electrode, but 
arc aYeragc Yclocities bctwcPn the introduction and the final elec­
trodes. Fig. 44 shows sample traverse cun·cs. 
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RESULTS 

157 Summaries of the results of these tests are gi,·cn in Tables 
14 to 23, inclusive. Analyses of these summaries arc given in Table 
25. All averages are weighted for number of shots per run. 

158 Summarizing all of the tests shows that 36 groups, con­
sisting of 123 runs and 1012 shots, indicated discharges which 
differed from the discharge by weight by only 0.05 per cent. This 

TATILE 23 

11.14 ft. Size, 8 in. 

Salt, Average, 

Volume, 4.022 cu. ft. Length of steel pipe used, 

Run No. of Gate, Q, Cu. Ft. Per Sec. 
per by by 

Ko. Tests cent weight salt 
per per Salt 

Injection Computation Group 

115 
116 
120 

5 
5 
5 

15 

cent cent 

Two 8-in. impro\•ed elcctroUcs nt Station D nnd Station C. 
100 1.406 I. 4Hl +O. 7 } 
100 1.407 1.404 -0.2 Pop ,-alve Center of area 
50 0.721 0.715 -O.S 

-0 l 

8-in. improved electrode at Station D. Screens at Station n. 
Pipe, 12. 7u ft. long. \'olume, 4.605 cu. ft. 

118 5 100 1.398 1.387 -0.8 } I' 1 ~"nter of ar"a 50 0. 721 0 . 722 +O . 1 °P va ve ' ' ,-119 5 

135 
138 
139 

124 
123 
127 
133 

10 

Steel pipe 
5 100 
5 50 
5 25 

15 

5 
5 
5 
5 

20 

50 
50 

100 
25 

-0.4 

Two screen electrodes at Station A and Station E. 
(8 in .. 6 in., and 4 in. diarn.) 30.20 ft. long. \'olumc, 9.!113 cu. ft. 

1.300 1.305 +0.4 
0.709 0.711 +0.3 Pop ,-ah·e Center of urea 
0.429 0.4:li +0.7 

+0.5 

S-in. flat el('drode at ~lalion A. Hncens at Station E. 
Pipe, 30. Hi ft. long. \'olmnc, 9.901 cu. ft. 

0.716 
0. 7W 
1.307 
0.439 

0.713 
0. 709 
1.2LI9 
0.4-12 

-0.4" 
-1.0 
-0.6 
+O.~ 

-0.3 

Average of 4 groups (12 runs and 60 shots) = -0.09 per cent. 

is practically an exact check. This summary omits trial shots and 
all runs with known sources of error, such as flat parallel plates for 
the final electrodes, computations from the peaks of curves or with 
the drag on the curves using poor designs of salt-injection pipes. 

159 The errors when using one pair of so-called "flat" final 
electrodes in a circular pipe varied from + 2 to + 4 per cent at 
different stations, due to giving the fast water in the center of the 
pipe a greater proportional length of electrode than the slow water 
near the walls of the pipe. The traverse curves in Fig. 41 show 
that the velocity of the center water averages 13 per cent greater 

40 

42 
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than the velocity of the water near the wall of the pipe. Other 
traverses on larger pipes of uniform diameter indicate a difference 
of from 7 to 12 per cent. An improved electrode was designed to 
correct this error. (See Fig. 40.) 

160 The errors when using a perforated pipe for the salt in­
jection and computing cun·es with all the drag included, vary from 
- 1 to- 3 per cent. The term "drag" is used to denote the dragging 
out of the pen cun·es as they approach the final appearance of the 
salt. With open or perforated distribution pipes this drag is 
caused by the continuing flow or oozing of the salt solution after 
the controlling valve has been closed. For a comparison of cun·es 
using a perforated-pipe introduction and showing a pronounced 
drag and of curves using a pop nlve for the introduction and 
showing little or no drag, see Fig. 41, tests OSS and OSO. Run 125, 
using a perforated pipe for the salt injection and one pair of fiat 
electrodes at either stations A, C, or D, gave results only 0.1 per 

TABLE 24 SCIJ:\IARY OF ALL TESTS SHOWN IK DETAIL I:-< 
T"\flLES 14 TO 24 

For 36 groups, 123 runs, and 1012 shots, Q by salt differs from Q by weight by 
+ 0.05 per cent. This omits trial runs, runs with fiat final electrodes, and runs which 
have been computed with known errors for purposes of comparison, such as peaks 
and drags. 

Analysis for gate opening shows full gate slightly more aeeura te. but the difference 
is tao small to eonsid er. 

Analysis for station at which final electrode is located shows nothing conclusive. 

Electrode 

Screen ...........• 
Flat ............. . 
Improved . ....... . 
Traverse ......... . 

Analysis for Type of Final Electrode 

Groups 

21 
4 

11 
4 

40 

Runs 

80 
16 
31 
12 

139 

Shots 

5H 
82 

180 
285 

1094 

Salt 
per cent 
-0.01 
+ 3.23 
+ 0.06 
-0.09 

cent in error, but this was because the errors clue to those two 
sources balanced. 

161 Analyzing the summaries for the Yarious gate openings 
shows that the results are slightly better for full gate, but the 
difference is too slight to be of importance or conclusiYe. 

162 Analyzing the summaries for the Yarious stations used 
shows nothing conclush·e except the accuracy of the method for 
any section of pipe. The results between A and E ( + 0.03 per 
cent), a section including S-in., G-in., and 4-in. pipe, were fully as 
accurate as when a section of S-in. pipe alone was used. 

163 Analyzing for the Yarious electrodes shows that two 
screen electrodes gaYe the closest results with the results by the 
short traYerse electrodes, and the results by the long improYed 
electrodes almost equally close, while the flat final electrodes in­
troduced a three per cent error. 

164 Another method of correcting the error caused by using 
one pair of parallel plates for final electrodes in a circular pipe ""as 
also used. Two pairs of parallel plates were used, the upper one 
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placed a considerable distance below the salt-introduction station. 
The section of penstocks between electrodes and the center of 
gravity of the t"·o salt cun·es were used in computations. This 
method has been used successfully on commercial tests. 

CoxcLvswxs 

165 These tests proved that when properly conducted the 
salt nlocity method of water measurement checks the discharge 
by weight, which is the most accurate known method of measuring 
water. For short pipes the following items of apparatus and 
methods of computation were proven or confirmed: 

a That a tight quick-closing pop valve is most suitable for 
salt injection. 

b That other methods of salt injection can be used, but 
correct results are obtained only by applying an arbitrary and con­
sequently inaccurate correction. 

c That it makes very little difference what form of electrode 
is used at the introduction when the salt-injection pipe is very 
close. 

d That screens or grids are ideal for both introduction and 
final electrodes. 

e That an in{proved plate construction with proper spacing 
for the final electrodes gives very accurate results. 

f That a traverse with short final electrodes gives equally 
accurate results. 

g That the same electrodes held at a fixed point, determined 
by the traverse, also sho\Y accurate results. 

h That computations based on the center of area as deter­
mined by a watt-hour meter and a series of jump-spark dots sim­
plify the work and gi,·e accurate results. 

i That tests can be repeated indefinitely and still check. 
j That the apparatus arid methods of computation used in 

the commercial tests were proven to be theoretically and prac­
tically correct, and the results obtained were accurate and reliable. 

lGG And finally, the authors believe that the salt velocity 
method of water measurement is correct in theory and in practice, 
that it is applicable to any form or size of flume, pipe, or penstock, 
and that, in a few years, its simplicity and accuracy will make it 
an accepted standard method of water measurement. 

167 The Laurentide Power Company of Grand l\Iere, Quebec, 
made it possible to carry on a large part of these investigations. 
The authors wish to thank .:\Ir. John S. Riddile for his interest 
and assistance, and also l\Ir. Arthur K. Ingraham for his work 
with us in the earlier stages of development. 
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