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ABSTRACT

A troublesome aspect of experimental studies of flow phenomena in
air-water mixtures has long been that of making accurate velocity measurements.
In the past, bulk-flow measurements have been made variously with surface
floats, injected dves or salt clouds, and relationships between the discharge
and depth of flow. Point measurements of velocity have been attempted by
measuring stagnation pressures in the air-water mixture. These methods have

not been of sufficient accuracy for many purposes.

An instrument for making accurate point velocity measurements through-
out a section of an aerated flow stream has been invented and developed at the
St. Anthony Falls Hydraulie Laboratory. The transit time, between two fixed
electrodes, of minute cloudlets of salt solution injected repetitively into
the flowing air-water mixture is measured electronically. A rate of 15 in-
jections per sec permits a direct measure of the mean flow velocity over a
short stream filament. In the present formof the instrument, this mean vel-
ocity is indicated directly on a meter calibrated in feet per second. Measure-
ments can be made in aerated flows with air concentrations exceeding 70 or 80

per cent and at very high velocities.

Velocity measurements with the new velocity meter in nonaerated flows
check within 1 or 2 per cent of those made with a Pitot tube. The integrated
water discharge in an aerated flow stream, taking into account both the measured
air distribution and the velocity distribution and making reasonable estimates
of the water discharge through the boundary areas have also checked the water

discharge measured directly with an accuracy of 1.5 per cent.
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VELOCITY MEASUREMENT

I. INTRODUCTION

The search for adegquate explanation of the physical phenomena of
natural occurrences is invariably held in abeyance by the lack of sultable
instruments and standards of measurement. Once accurate and detailed measure-
ments can be made, the analytical treatment of a wide range of conditions is
usually possible in the light of basic experimentation. The insufflation of
air into high-velocity streams of water in open channels is one of the many
fluid mechanics phenomena still held back in its complete analytical explana-
tion by the inadequacy of instrumentation required for experimental observa-

tions.

The ability of high-velocity streams of water to entrap and hold
large quantities of air is apparent in flows over spillways or down steep
chutes. The "white water" produced by this air insufflation of open-channel
flows is a heterogeneous mixture, varying in bulk density throughout the depth
of flow and exhibiting pulsating density variations at all depths. The def-
inition of air-entrained flow as regards bulking, velocity, depth and slope
relationships, is important to the designing engineer;mhowever, he has few
conclusive data on which to base quantitative estimates of these factors when
considering design for freeboard and energy dissipation in steep gradient
structures. Typical patterns of air-water mixtures in high-velocity flows in
open channels are shown photographically in Figs. 1 and 2. Figure 1 shows
the water surface recorded by high-speed photography and similarly Fig. 2
shows the profile (through a transparentvwall) of an air-entrained stream at

a steep gradient.

This paper concerns the development of an instrument, for convenience
referred to as the SAF velocity meter, particularly designed for the’ measure-
ment of velocities and hence velocity traverses in air-water mixtures. The
development of this instrument is one phase of a comprehensive experimental
and analytical investigation of air insufflation and air-entrained flows which
was first undertaken at the St. Anthony Falls Hydraulic Laboratory more than

ten years ago, initially under the sponsorship of the Engineering Foundation



Fig.|— Aerated Flow in High- Velocity Channel at 8 Degree Slope

The channel is 18 in, wide, 12 in. deep, and 50 ft. long. The photo-
graph was taken at a speed of approximately 1/50, 000 sec.
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and the ASCE Committee on Hydraulic Research. More recently the studies have

been sponsored by the Office of Naval Research.

The St. Anthony Falls Laboratory by nature is uniquely suited for
making studies of this character under exceptionally favorable conditions.
Large quantities of water are available at the natural 50-ft head of the falls
and channels can readily be bullt to exploit the head and discharge under

well-controlled conditions.

The first of these channels was constructed in 1940 in the Labora-
tory's turbine pit, which is a large vertical shaft inside the Laboratory walls
extending from above the normal headwater pool elevation of the falls down to
the tailwater pool elevation. BRoth headwater and tailwater pools extend as
canals into the confines of the Laboratory. This first alr-entrainment test
channel could he set at any slope from horizontal to hSo with the horizontal;
the flume section was 1 ft wide, 10 in. deep, and 50 ft long. The research
program nsing this flume did not ineclude detailed velocity measurements; but
alr-concentration traverses and photographic studies on this experimental
setup proved to be invaluable in gaining an understanding of the air-entrainment
problem and in developing specilalized instruments for a subsequent more com—

prehensive program.

A larger and more versatile air-entrainment test channel has now
been built to replace the earlier setup at the same location in the Laboratory.
The flume is 18 in. wide, 12 in. deep, and 50 ft long and can be set at any
slope from the horizontal to the vertical, that is, through a slope range of
90°. The design features of this channel are not to be discussed in this
paper; suffice it to say, however, that the headbox design presents a region
of uniform velocity at the inlet end of the flume which has proved useful for
testing the velocity meters through a wide range of velocities. Figure 3 is
a photograph of the new test channel and the cabinet which houses the controls
for setting of a wide range of slopes, discharges, and related aerated flow

conditions.

Instrumentation has been incidental to the entire experimental pro-
gram of aerated flow so that the sequence of steps leading to the present form
of the SAF velocity meter was supplementary to the studies using various test
channels. Intermediate models of the instrument found extensive use in the

course of the experimental program before the later improvements were made.



Fig.3— High- Velocity Channel and Control Cabinet

The channel is 18 in. wide, 12 in. deep, and 50
ft. long. The slope angle can be varied through
90° from horizontal to vertical.



A reportl has previously been issued by the St. Anthony Falls Lab-
oratory in which the development of a separate instrument is described for
use in measuring air concentration in flowing air-water mixtures. The SAF
velocity meter described in the present paper is to be used in conjunction
with the previously described air-concentration measuring device to obtain
detailed information regarding aerated flows. The functions of the two in-
struments are complementary in that they are both needed in observations to
define air-entrained flows completely, but the two are completely self suffi-
cient so that the accuracies and limitations of either of the instruments are

independent of the other.

IT. EARLIER STUDIES AND INSTRUMENTATION

A review of the literature relative to air entrainment2 assembled
as an initial phase of the present investigations, reveals that the main ex-
perimental effort has been directed toward the determination of air content
of flows. When velocity measurements were considered, they were usually em—
ployed as a means of obtaining a better estimate of the bulk ratio of air to
water in various flows under laboratory or field conditions. There are no
precise data on velocity distribution in air-entrained flows which might be
used in detailed analyses of shear distribution, energy ioss, or other internal

flow characteristics.

3

Ehrenberger” of Vienna, Austria, in pioneering studies of air-
entrainment phenomena assumed that the velocity distributions in his aerated
test channel flows were linear between surface velocities obtained with floats

and velocities measured near the flume bottom where there was 1little entrained

lOwenI%'Lamb and John M. Killen, An Electrical Method for Measuring Air
Concentration in Flowing Air-Water Mixtures (University of Minnesota, St.
Anthony Falls Hydraulic Laboratory Technical Paper No. 2, Series B, 1950).

2Owen P. Lamb, Air Entrainment in Flowing Water, A Summary and Bibliog-
raphy of Literature (University of Minnesota, St. Anthony Falls Hydraulic
Laboratory Project Report No. 19, 1949).

3Ehrenberger, "Wasserbewegung in steilen Rinnen (Schusstennen) mit be-
sonder Beriucksichtigung der Selbstbeliiftung," (Flow in Steep Chutes, with
Special Reference to Self-Aeration). Osterreichischer Ingenieur - und Archi-
tektverein, No. 15/16 and 17/18, 1926, Translated by E. F. Wilsey, U. S.
Bureau of Reclamation, Denver, Colorado.




air. With this estimate of the velocity distribution, he used a Pitot tube
to obtain air-concentration distribution in vertical traverses, the assumption
being that any deficiencies between the stagnation pressure to be expected
at the assumed velocity and the stagnation pressure actually obtained were

directly caused by the presence of air in the flow at the point of measurement.

Now with newer methods of measuring the air-concentration distribu-
tion directly by independent means, the question arises as to the feasibility
of using the Pitot tube in conjunction with the data on air content for the
purpose of obtaining applicable velocity measurements. If the mixture of air
and water were considered to be replaced at every point by a homogeneous fluid
of a density the same as the bulk density of the mixture, the Pitot tube could
be used to measure the velocity. However, the mechanical function of the
Pitot tube involves the concept of a point or region of stagnation in the flow;‘
it is therefore necessary to evaluate the possible difference in behavior
between homogeneous and mixed flows in the neighborhood of this stagnation
point to weigh applicability of the Pitot tube in measuring the veloecity of
mixtures. A detailed discussion of the inherent shortcomings of the Pitot
tube for measuring the velocity of mixtures will be dispensed with. However,
suffice it to say that in the case of points of flow where the amount of air
entrained is small, the curvature of the streamlines at the end of the tube
will, among other things, cause separation of the air and water as compared
to the normal mixture. At higher air-concentration levels, there arises a
succession of impingements against the end of the Pitot tube in contrast to
a stagnation point and the applicability of the measured values are again
questionable. In addition to these and other inherent questionable features
of the Pitot tube, the accuracy of the velocity measurements would in any case
be limited to the accuracy of the air-concentration measurements instead of

being independent of them.

The basic concept of velocity as being distance divided by time
provides the most direct means of establishing velocities in open channels.
The oldest techniques are based upon this concept. Various float methods have
long been used and are still used in river and canal velocity observations;
in the form of surface floats, subsurface floats, rod floats, etc. A somewhat
later development was‘ to use dye clouds over extended river stretches to

determine mean velocities.



IIT. SALT VELOCITY METHOD

The Allen Salt Velocity Méthodh

mining mean velocities and flow quantities by observations over long stretches

introduced by C. M. Allen for deter-

of channels or conduits marked an advance in measurements of this character.
Salt was substituted for previously used coloring material in the injection
techniques and then detected by the passage of the salt cloud at some downstream
station by recording with an ammeter the increase in conductivity between two
electrodes placed in the flow at the downstream station. Various refinements
and revised versions of this method were introduced by other investigators.
Probably the most practical applications of the Allen Salt Velocity Method
were made in closed penstocks, pipelines, and flow through hydranlic machinery
for the purpose of establishing efficiencies of hydroelectric plants. The

5

ployed the salt velocity methods to obtain mean velocities in extensive reaches

United States Bureau of Reclamation” in a study of air-entrained flows, em—
of high-velocity open-channel streams in flumes of constant cross section.
The velocity measurements were used to gain an estimate of the amount of air

entrained in the stream.

IV. FACTORS ENTERING SELECTION OF VELOCITY MEASURING METHOD

The mean velocity of flow through a cross section is readily cal-
cnlated in homogeneous fluid streams where the discharge and cross section‘can
be directly determined. However, even this latter basic information becomes
elusive when air insufflation occurs because then the air discharge and the
cross—-sectional area are additional points of uncertainty. In fact, the data
available to various aunthors are so inconclusive that contradictory statements
have been published as to whether the presence of entrained alr results in

increasing or decreasing the mean velocity of flow.

In the design of a veloclity meter the range of conditions that might

confront the instrument are important. Experience shows that insufflation

hC. M. Allen and E. A. Taylor, "The Salt-Velocity Method of Water Measure-
ment," Transactions of the American Society of Mechanical Engineers, Vol. 15,

(1923), p. 285.

5C. W. Thomas, "Progress Report on Studies of the Flow of Water in Open
Channels with High Gradients," (Hydraulic Laboratory Report No. 35, United
States Department of the Interior, Bureau of Reclamation.



might be encountered in streams having a mean velocity as low as possibly L fps
but usually the velocities are much greater. Thus, the instrument refinements
necessary for accuracy at low velocities are unimportant. At higher veloci-
ties, where air entrainment is common, the instrument must be rugged, positive
in action, and sufficiently versatile to give a reasonable accuracy of velocity

measurement throughout a wide aeration-density range.

The customary concept of fluid density applicable to homogeneous
fluids is not directly applicable to heterogeneous fluid mixtures of macro-
scopic proportions. In considering the flow pattern of such a mixture, the
filament is made up of random air and water regions. One might for convenience
introduce the concept of mean bulk density of the filament, but not without

discernment as to the limitations of this concept.

Extensive vertical traverses of alr concentration conducted during
the earlier studies at the St. Anthony Falls Laboratory indicate that the
distribution of air concentration can be approximated by an equation of the
logarithmic type when progressing from the flume bottom to the flow surface.
Situations might arise where the flow near the bottom of the stream is vir-
tually devoid of entrained air while near the surface nearly 100 per cent air
makes up the filament. At lower levels of air concentration where the volume
of water exceeds the volume of air, bne might expect that the air takes the
form of bubbles in the flowing stream of water. At levels where the mean air
concentration is very high, it is to be expected that water droplets will be
entrained in a moving stream of air. The transition between these two extremes
from bottom to top provides a less clearly defined air-water mixture. Obser-
vations by means of high-speed photography show other large-scale pulsating
phenomena in the air-water flows. At some combinations of slopes and dis-
charges, definite train wave phenomena are superimposed upon the general air-
entraimment pattern. Macroscopic air pockets may develop at some flow con-
ditions with the pockets exténding far down into the flow. Some conditions

are evident in the high-speed photographs shown in Figs. 1 and 2.

The foregoing description of the general character of air-water
mixtures in insufflated high-velocity open-channel flow immediately gives rise

to the limitations of many customary veloclty measuring methods.
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V. OPERATING PRINCIPLES OF THE SAF VELOCITY METER

The SAF velocity meter makes use of electronic methods of measuring
very short time intervals accurately and easily, as developed extensively
during World War II for radar, sonar, and other similar uses. It also makes
use of the salt velocity principle which was initially developed to measure
mean velocities over long reaches of channel to minimize errors in the obser-
vation of time intervals. By use of electronic measurement of time intervals,
the distance necessary to observe an accurate velocity can be shortened to
such an extent that essentially point velocities can be obtained and therefore
velocity traverses over a cross section can be made. In fact even turbulence
pulsations can be observed by using very short distance intervals of measure-
ment. The application of an instrument of such basic design to determining
velocities in fluid mixtures can be checked against conventional instruments

in homogeneous flows.

Basically the operating principle of the instrument consists of
marking a small element of a flowing mixture and then recording the time in-
terval required for this marked element to traverse a fixed distance. The
marking is accomplished by making a diminutive portion of flowing water more
highly conductive to electrical current by the injection into the stream of
a very small amount of salt solution or similar electric conductor. The pas-
sage of this ilonized cloudlet is then detected by electrodes in the stream
situated at fixed stations in the flow path. The injection must be made suf-
ficiently rapid to label a very small portion of flowing fluid, and the momentum
of the injection must be sufficiently low to avoid introducing significant

change in velocity of flow from the injection.

Using the foregoing principles, the new instrument combines a mech-
anical injection system with an electric timing and indicating system for the
purpose of measuring velocities in air-water mixtures. In its present design
the device can complete the entire velocity measurement from the injection to
recording within a distance of 6 in. or less along the flow filament. The
marking is done by injecting a miniature slug of 6 per cent saline solution
into the flowing stream within a short time interval of less than 1/600 of a
second. The volume of each injection is approximately 0.03 cu cm, a quantity
sufficiently small to insure no significant momentum effects upon the flowing

stream although the velocity of injection is quite high.
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The salt solution immediately ionizes the water particles that it
contacts so that anionized cloudlet is placed in the filament of flow of which
the velocity is being measured. This cloudlet is then swept past the two
electrode stations arranged in tandem along the flow path. Indications are
transmitted to the electrical circuit when the front of this ionized cloudlet
arrives at each electrode station. By making simple adjustments of the elec-
trical circuit, the time lapse between the instant that the peak indication
near the front of the cloudlet arrives at the first electrode station and the
instant it arrives at the second station can be accurately measured. In the
current design of the SAF instrument, the distance between the electrode sta-
tions has been fixed at 3 inches. Only the very tips of the electrodes are

left uninsulated and exposed to flow.

In the development of the instrument, much experimental work was
done in establishing optimum conditions for injection of the salt solution.
The front of the cloudlet is of special importance because it must be sharply
defined and vertical to assure sharp and accurate readings. This is accom-—
plished by an abrupt and rapid injection using an injector pump from a Diesel
engine as the main component of the system. The injector pump is driven
repetitively by a triphammer which in turn is powered by a small electric drill
motor. The salt solution to be injected is stored in a small reservoir and
fed by gravity into the injector pump. Metering of the quantity injected at
each stroke of the plunger is possible because the pump plunger 1is slotted
for variable delivery. It has been found for the open-channel aerated flows
now being studied that a rate of 15 injections per sec is most advantageous.
At each stroke of the injector pump plunger, the pressure 1s built up to where
it abruptly opens a spring-loaded valve in the outlet port of the injector.
This valve closes immediately after the peak of the pressure pulses has passed.
The fluid charge then passes through a small injection tube leading from the
outward port of the injection pump to the point of injection in the flow
stream. At the point of injection the diminutive slug of salt solution in
the end of the needle is abruptly forced out into the flow to form the ionized

cloudlet whose passage is recorded at the electrode stations.

Figure L, is a sketch of the injection system. The salt solution
from reservoir A flows down through the tube to the inlet port in the Diesel
injector pump B. The pinion C which is attached to the pump plunger can be

rotated to set the proper delivery volume. The pump plunger is actuated by
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A - Salt Solution Reservoir E —Electric Motor

D—Trip Hammer

C—Pump Plunger Pinion

B - Injector Pump

H-Downstream Electrode
Station

G —Upstream Electrode
Station

F - Injection- Tube Outlet

Fig. 4 — Probe and Injection System of SAF Velocity Meter
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the triphammer D which in turn is drivenby the electric motor E. The injec-
tion pulse from the pump is carried down through the injection tube to the
;oiht of injection at F. If the injected slug encounters any water, its
downward movement will be dissipated and the small mass will almost immediately
attain stream velocity. The ionized cloudlet in the water will then pass by
the tips of the electrodes G and H which are spaced 3 in. apart and a velocity
reading will be obtained. If the injected spray does not encounter any water
but is rather fired directly into an air pocket, the momentum of the injection
will carry the salt solution down past the level of the electrode tips and
there will be no indication. The spacings between the two electrode stations,
and also between the point of injection and the first electrode station, as
well as the difference in level between the point of injection and the elec-
trode tips were all selected so that the salt cloudlets that have attained
stream velocity would he the only ones carried past both electrodes, thus

forming indications.

The threaded shaft in Fig. L is used to position vertically the
electrode tips at any desired point in the flow. The lower plate is the only
portion of the instrument that is actually inserted in the flow. This plate
is 1/8 in. wide and is sharpened at all edges so that it can be inserted into

the high-velocity flows without excessive splashing.

Design of the injection system and the nozzle at the end of the
injection tube proved extremély critical in obtaining true veloclty readings
with the instrument. For illustration, two motion picture studies of injec-
tion sequences are included. These were made with a 35 mm high-speed motion
picture camera operating at-500 frames per sec. Fluorescein dye was substi-
tuted for the salt solution so that the shape of the cloudlets would be visible.
Figure 5 shows an undesirable injection where the front of the salt cloudlet
is inclined with the vertical and has a slight break near the level of the
electrode tips. Since the front of the cloudlet is the point at which the
beginning of the indication is relayed to the electrical cirecuit, this injec-
tion would tend to promote erroneous readings. Figure 6 illustrates a desir-
able injection in which the salt -cloudlet is compact and the leading edge is
vertical. The insulation on the electrodes photographs white. The uninsulated
electrode tips are at the very ends of the electrodes and it is this position

that marks the point where the velocity is being measured.
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axis tilted to the normal stream flow.

Sketch shows detail of injection-tube outlet and orientation of probe with
respect to the flow in which photograph was taken.

Notations in lower right-hand corners give seconds elapsed from initial pic-
ture.

Fig. 5~ Photographic Record of Undesirable Type of Cloudlet
Fluorescein dye was substituted for salt solution in injection
to obtain visual record.



Fig.6 - Photographic Record of

25
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The arrangement shown in this illus-
trationgives a compact cloudlet with
its major axis nearly vertical.

Sketch shows detail of injection-tube
outlet and orientation of probe with
respect to the flow in which photo-
graph was taken.

Notations in lower right-hand corners
gives seconds elapsed from initial pic-
ture.

Desirable Type of Cloudlet

Fluorescein dye was substituted for salt solution in in-
jection to obtain visual record.
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The electrical circuits are simply diagrammed in Fig. 7. The leads
from each of the electrode statigns in the probe are connected to the cathode
ray tube through their respective electrical amplifiers. The power supply
and sweep generator circuits are necessary for the operation of the cathode
-ray tube. The circuits are all enclosed in the chassis illustrated in Fig. 8.
The eleectronic timing circuit is similar to a type develcped for radar timing
during the past war. The electronic timing circuit's function is to place
mérks on the cathode ray ﬁube screen at the beginning and at the end of each
timing interval. Separate knobs on the electrical contrcl panel shown in
Fig. 9 as multivibrator and phantastron allow the operator to position the
limits of the timing interval at the peaks of the indications from the electrode
stations. When these are positioned accurately on the indications from the
elec'trod‘es, the reading on the phantastron dial can be directly converted into
stream velocity. This dial can be set with extreme sensitivity as it has 1000
separate divisions on its ten-tnrn range. The timing circuit accuracy is on

the order of * €.025 milliseconds.

Typical indications that appear on the face of the cathode ray tube
.are sketched in Fig. 10, The timing marks showing the extremities of the
timing intefval are properly positioned at the peaks of the indications from
the respective electrodes. Repet'itive injections result in a succession of
such indications on the cathode ray tube screen. They all fall close to each

other but there are of course small differences becanse each indication rep-

resents an instantaneous sample of the longitudinal velocity at a point in .

the flow, and of course the flows in which the measurements are being taken
are highly turbulent. At the rate of 15 injections per sec, the visual aver-
.aging of the small differences of the indication peak positions and the proper

positioning of the timing marks by the operator have heen satisfactory.

Figure 11 is a motion picture strip of indications appearing on the
cathode ray tube from successive injecticns. The timing marks were not posi-

tioned on the peaks of the indications when these pictures were taken so that

the independence of their spacing could be illustrated.

Figure 12 is a photograph of the present design of the SAF velocity
meter with the probe elevated above the high-velocity flow heneath. In oper-
ation each reading with the instrument takes about 2 min of time. This includes

the time necessary for the operator to position the instrument in the flow,
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Electronic
Timer

Sweep

Generator /

Cathode Ray Tube

Ist Electrode \

Amplifier

Pnd Electrode
Amplifier

Power
Supply

-—Flow

’ y
Second Probe 4/\/ L ) X

Injection Nozzle
First Probe

Fig. 7 — Simplified Block Diagram of Electrical Circuit
for the SAF Velocity Meter
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Timing mark from multivibrator

Timing mark from
which triggers phantastron

phantastron

Indication from
downstream

electrode

Indication from
upstream
electrode

Sweep
tripping mark

Timing marks
positioned by
operator at

peaks of indications

Fig.10 - Sketch of Indications from Electrodes as They Appear on
Cathode Ray Tube

Fig.I1 = Motion Picture Record of Successive Indications on
Cathode Ray Tube

The individual frames show the response on the cathode ray
tube for the passage of successive cloudlets at 1/15-sec in-
terval,



Fig.12 - SAF Velocity Meter Mounted for Open-Channel Measurements

The electrode stations and injection tube were built into a single 1/8-
-in. thick brass plate for streamlining in high-velocity flow.

o
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start the injection motor, observe the indications on the cathode ray tube,
position the timing marks, and read the velocity on the phantastron dial. The
actual procedure can be taught to an observer in a few minutes as the only
adjustments necessary for determining the indicated velocity are the two timing

marks.

The present instrument has some limitations as regards making accu-
rate measurements very close to the wall. The mounting permits it to be used
up to 3/8 in. from the side walls and it is doubtful that accurate readings
could be obtained closer than this distance from the wall because of electrode
interference set up by the steel wall houndaries. When the point of measure-—
ment is closer than 3/8 in. to the bottom of the channel, it is probable that
there will be excessive interference with the injection cloudlets which would

promote erroneous measurements.

VI. TEST VERIFICATIONS OF SAF VELOCITY METER

Various experiments have been made to test the practicality of oper-
ation, the effectiveness, and accuracy of the SAF velocity meter in its present
form. The most direct check that can be made is probably a comparison with
a Pitot tube in a nonaerated stream. Figure 13 is a typical check comparison
between the Pitot tube and the SAF velocity meter in a stream of water in a
channel. Independent observations were made by two observers. The velocities
indicated by the SAF meter are seen to be slightly lower than those obtained
by the Pitot tube at the same point and flow condition, that is, nearly all
points fall slightly below the )450 line of perfect correlation. The apparent
tendency of the SAF meter 1s to indicate Veloci’cies 1 or 2 per cent lower than
the velocities obtained by the Pitot tube. This might be attributable to the
velocity deficiency caused by the drag of the first electrode, since the tips
of the electrodes are the only obstructions in the flow at the level of the

filament being measured.

Experience with the instrument used in aerated flows indicates that
it will give a velocity reading when the injection slug comes into contact
with a volume in the flow filament that has an appreciable percentage of water.
There will be a sufficient mumber of indications as a result of repetitive
injections to obtain mean veloclty determinations by the instrument at air-
concentration levels up to about 70 or &0 per cent. Above the £0 per cent

level of air concentration, there are insufficient numbers of indications on



23

O Observer

+ Observer

A

B

30
Ly
o
o
o
=
25
>
=
O
2
o
>
e
<
o 20
>
o
©
2
o
2
o |5
£
©
c
o
o
®
[92]
s |0
a
©
®
VS
£
> 5
©
2
[y
>
(o]
[0}
Fig. 13—

5 10 15
Velocity in Feet per Second

Velocity - Measurement Comparisons

Observations were made in flows

20

indicated by Pitot

of SAF Meter

in an open channel.

to

25
Tube

Pitot

Tube

30



2k

SJUBWNIYSU]  4YS  YuM  MO|4 PaDIdY  JO $3suaADJ]  K}I90[3A PUD  UOI§DIUIIU0D - a1y — b1 Big
SUO|IDAISSQD 4uUl0d WOJ} UMDIQ  UOENQII}SIQ  UOI4DIUBIUOD -41Y (D
sa3you] ur  ||omapIg [3uuby) woJj a0upysIg
E) 8 L 9 S v € 2 |
| _
|
o_.n ot o_m Q_e o._n % = omo oL
o€ ot 33 o'% 0§ 09 oz
] J _ = !
o¢ [e}3 (08 4 oS —— 09 0z )X
| : _ L _ _
o_ v 0% | — o_n o_o o_s o_~. 06
||n_vl % G ——S¥" oW o_;. L o._o 06
! -
9 09 se oe —— 0'0l~o 06 __-007
_ | _ | POl
l’J.ml' %01 O.ﬂll!.l‘llcmo_ O_.O_ JN_ O__ i O
o . o%! ¥ ogl €l .
i %02 gl F % o
02 012 | T et owo_ lp_dl_ o9l ov!
— — — %02 |
— 08€ — %, Ot O'SE e —— 92 ovz T~o0s_ o9
_ A T — —— oz

08 oyl T —— ; g
_ 9\0 QQ.[ — lb_/ ——— — Ir I/ /O._Om /ObN
. e (o« T — o e ——— } 2 ;
Ib?l’.\eom. 018 008 — 0'¢9 4 — 9% %059z~ _gor
1 —— ] — ——— ~ .
0's6 06 ——o068 09L — 029 /09— 02%
e ——— — —— obs
] I /-/ j’ —— i Ir | —
_ 096 ~<_ 039" . /qm %0L=—0%3_ 0%5
|
M"NJI/ o._No %08 Io.t.k
1 I
096 T~ — 0.8 098 0S8
_ " %06 —— L __
3 o_,nm q_wm 006
~jeuudy)y 096 0%6

[auuby 9 anoqy uoI0Al| T

woys0g

uy

sayou|



25

sjuawnijsu| 4¥S Yim MO|4 PIJDIdY O S3SIBADIL  K}I00|9A PUD  UOHDIIUBIUO] -AlY -p1'614
SUO)}DAJRSQQ $uUl0d wWOiy umbIq ...o:_._n_tm_o VTR TIEY N
sayou]  uy |jomapis jauuoy) wou} 90uDysIQ
? L 9 S 14 ¢ 2 _ 0
mm\ 192 n_cu 62 v_um / _ ez L1 22 7982
0 | | 1NW | M
rar- T Ol — ] J /e.w« &, €22 9€3 ¢g'ee
ges ee R ww /o.m« ot $92°0'62 —
o n 7
: ¢ : . LT +92 €62
see N_m% zee //n._mu _ L e
8've I\hmn _mum e < £'92 .dém 812
€c (e X \.._Nn c J_n n.__n / o_. S92 oﬁ,u S
| | ———
g2e o__n\. woe 7 WA.Z oge g% ]
12¢ m._on m._on m._.n ~d~ nmm z.ge
e 6'0€ "6 N 61 0’62 ¢ge (e2z2
— ! o /.
1€ e 0"1 € ¢oe z62 \ 662 gga| ¢€e
_ ! —_ " 7
so¢ 862 — o0 rez ©” —e¢82 §92 A.NN N
noN/ €82 sz e22
0'8e ndw \wmm
e ——— i v -
_ —— LbOuCOU i \¢ i2 _\mN F44
“044us55 - ewg/ 022
O w
sjo 080l 9bioydsig JaloM  papibaju % 0g -
s
! $49 G6'0l @8buoydsiqg 43}0M PaJInNSDIW T
1834 20 buiuadp 2409  }3Ju|
3
[auuDY9 UL WOy bt uoiynys  Burinsoaw
8 ado|g |auuoy?)

|duupy) 9A0QY  UOI4DA3|3

wojjog

uf

sayou|



26

the circuits to measure mean velocity because the water is mainly in the form
of isolated droplets inthe air flow. In the highly aerated regions of flow,
no direct method of checking the velocity recording of the instrument is
available; reliance has been placed upon the consistency of results and the
reasonableness of the velocity pattern in a vertical of the stream cross section
measuring from points of low air concentration near the stream bottom and high

air concentration near the top of the stream.

A plot of the air-concentration distribution and the velocity dis-
tribution in an air-entrained stream is shown in Fig. 1li. The experimental
observations of the air-concentration distribution were obtained with the
electric air-concentration measuring instrument previously developed at the
St. Anthony Falls Hydraulic Laboratory6 and the velocity observations were
obtained with the SAF velocity meter. Taken together the two distribution
plots define the air entrainment and velocity patterns in the flow cross

section.

The measured amount of water flowing through the channel was 10.95
cfs, while an integration of the water flow in the cross section, by taking
into account both the air-entrainment observations and the velocity observa-
tions, gives a bulk discharge of water of 10.8 cfs. There was thus a check
of the bulk flow with the integrated discharge within 1-1/2 .per cent. This
very close check, however, must be considered fortuitous, because the several
uncertainties concerning velocities close to the solid boundaries and near
the indefinite free surface of flow would appear not to warrant normal accu-
racies of the order of 1per cent. Reasonable assumptions concerning the water
discharge in the boundary areas had to be made to complete the integration.
In amy case, the fact that the experimental observations can be correlated so
closely illustrates applicability of the instrument to the types of flow for

which it was designed.

VII. CURRENT STATUS OF DEVELOPMENT OF THE SAF VELOCITY METER

The SAF meter has recently been mounted in a manner that will fac-
ilitate velocity traverses in the aerated open-channel flows being studied at

the St. Anthony Falls Laboratory. The new mounting is shown in Fig. 15.

6Loc. cit. Note 1.
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The electrical circuits have been further developed during the past
few weeks so that the placing of the 1limits of the timing segquence on the
paths of the velocity indications is done automatically. The averaging of
these indicated times is also accomplished positively by the electrical circuit
so that the small opportunity for operator bias in placing the timing marks
is eliminated. This circuit dispenses with the need for the cathode ray tube
which was so essential to the developmental phases of the instrument, thus
allowing the entire electrical circuilt to be packaged more conveniently. The
mean velocity is read directly on the meter, making the instrument entirely

objective and simple to use in an experimental study.

The incorporation of the injection tube and the electrode stations
into a single plate is a most satisfactory arrangement for a device that must
be inserted into high-velocity streams. There should be 1ittle difficulty in
constructing a similar probe to a larger scale for investigation of aerated
flows in large-scale field structures. The compact portable electrical system
where the velocities canbe read directly on an electrical meter is particularly

adaptable to field conditions.

The SAF velocity meter as now being used with the cathode ray tube
is quite satisfactory for laboratory observations and the indications are that
it delivers an individual reading accurately on the order of 2 per cent of the
actual velocity. It is quite sensitive to velocity changes and permits de-
tailled study of aerated flows that was not possible with measuring instruments
previously avallable. Exploratory studies that have thus far been made also
indicate that the instrument might be exploited for turbulence measurements
in water. Its use for measuring velocities in other fluid mixtures is also

possible under proper conditions.



