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A troubfesome aspect of experimental str:dies of flow phenomena in

air-water nixtures has long been that of making accurate velocity measurements.

fn the pastl brrlk-florv measrlrements have been rnade variously vrith surface

-floats, injected C;'es or salt clouds, anC relationships between the Cischarge

and depth of flow. Point neasurements of velocity have been attenpted by

measurlng stagnation pressures 1n the air-water nixture. These methods have

not been of srifficient aceuracy for many purposes,

An instrupent for naking aceurate point velocitymeastrements through-

orit a section of an aerated flow stream has been invented and developed at the

St" Anthon;'Fal1s liydraulic La-boratory, The transit time, between tvro fixed

electrodes, of ni-nute cloudlets of salt solution injected repetitively into

the flowin;- air-water :nixture is measwed electronically, A rate of 15 in-

jections per sec permits a direct measure of the nean flow veloei-ly over a

short stream filament. In the present forn of the instrument, this mean ve1-

ocity is indicated directly on a meter calibrated in feet per seeond. L{easure-

nents can be made in aerated flows ls'ith air eoncentrations exeeeding 70 or B0

per cent and at very high velocities,

Vsloeitlr rneasurements with the new velocity rneter in nonaerated flows

eheek vriti:in 1 or 2 per cent of those made with a Pitot tube, The integrated

rvater discharge in an aerated flow strearn, taking into aeeount both the measured

air Cistribution anC the velocifil distribution and making reasonable estimates

of the water discharge through the borrnd.ary areas have also cheeked the water

cii-scharge meas';reC riirectlv with an accuracy of 1.5 per eent.

l-11_
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I. ]NTRODUCTTON

The search for adequate explanation of the physical phenomena of

natural occurrenees is invariably held in abeyanee by the laek of suitable

instruments and standards of measurement, Onee aeeurate and detailed measure-

ments ean be mad.e, the analytical treatnent of a wide range of conditions is

usually possible in the light of basie e4lerimentation. The lnsufflation of

air into high-velocity streams of water in open ehannels is one of the many

fluid meehanics phenomena still held back in its coraplete analylieal explana-

tion by the inadequacy of instrumentation required for experimental cbserva-

t ions .

The ability of high-velocity streams of water to entrap anci hold

large quantities of air is apparent in flows over spillways or down steep

chutes, ?he [vrhite watertr produced by this aj-r insufflation of open-ehannel

flows is a heterogeneous mixbure, varying in bu.lk density throughout the depth

of flow and exhibiting pulsating density variations at all depths, The def-

inition of aj-r-entrained flosr as regards buLking, velocity, depth and slope

relaticnships, is iurportant to the designing engineer; however, he has few

conclusive data on which to base quantitatj-ve estimates of these faetors when

consldering design for freeboard and energy dissipation in steep gradient

structures. Typical- patterns of air-water nixtures in high-ve1-ocity flows in

open channels are shom photographically in Figs. 1 and 2. Figure 1 shows

the water surfaee reeorded by high-speed photography and sinilarly Fig. 2

shows the profile (through a transparent 'r'ra11) of an air-entrained stream at

a steep gradient.

This paper coneerns the developnent of an instrument, for eonvenience

referred to as the SAF veloei-t}' meter, particu"larly Cesigned for the'measure-

ment of velocities anC hence velocity traverses in air-water mixbr-rres. The

developnent of this instrr:ment is one phase of a conprehensive egperir:rental

and a;1al;'tlcal investigation of air insufflation and air-entrained flows which

vras first undertaken at the St. Anthon). Fa1ls Hydraulic I'aboratory more than

ten ;,'ears ago, initially under the sponsorshlp of the Engineering Foundation
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and the .A,SCE Connittee on Hydraulic Besea::eh. I{ore recently the studies have

been sponsored by the 0ffice of Naval Research.

The St. Anthony Fall-s Laboratory by nature is uniquely suited for

making studies of this charaeter under exeeptional-ly favorable condi-tions.

Large quantities of water are ayailable at the natr:ral 50-ft head of the fal-1s

anC channels can readily be built to exploit the head and discharge under

wel l-eontrol- l  ed condit ions.

The first of these channels was constructed in 19.l+0 in the Labora-

toryrs turblne pit, whieh is a large vertical shaft inside the taboratory walls

extending from above the normal headwater pool elevation of the fa1ls down to

the tailnater pool elevation. Eoth headvrater and. tailuater pool-s extend as

eanals into the confines of the taboratory. This first air-entrainrnent test

channel could i:e set at any slope fron horizontal- to )+5o with the horizontal;

the f']une seetion was 1 ft wide, 10 in. deep, and 50 ft 1ong. The researeh

]rrogran r:slng this flu-'ne Cid not -inelude detaileci veloeity meas';,rementsl but

air-coneentration traverses and photographic studies on this er<perinental

setup proveC to be invaluable in gainlng an understanding of tlle air-entrainment

problerc and in developing specializeC instruments for a subsequent more eom-

prehensive program,

A larger and more versatile air-entrai-nnent test channel has now

been built to replaee the earlier setup at the same location in the Laboratory.

The flume is l-B in. wide, 12 in. Ceep, and 50 ft long and can be set at any

slope frorl the horizontal to the vertical, tl iat is, through a slope range of

90o. The design features of this channel are not to be cliscussecl in this

paper; suffice it to sa;r, however, that the headbox design presents a region

of unj-form velocity at the inlet end of the flurae whieh has proved useful for

testing the velocity meters through a wide range of velocities. Figure I is

a photograph of the new test channel and the cabi-net rryhich houses the controls

for setting of a wide range of slopes, discharges, and related aerated flonr

condit ions.

fnstrumentation has been incidental to the entire experimental pro-

gram of aerated flow so that the sequenee of steps leading to the present form

of the $AF veloci[, 16"1"t was supplementary to the stuc]ies r-lsing varior:.s test

channels. Interrnediate rnodels of the instrument found exbensive use in the

course of the experinental program 
'before 

the later improvements 'nere nede.



;,;w*

F i g . 3 -  H i g h -  V e l o c i t y  C h o n n e l  o n d  C o n l r o l  C o b i n e l

The  channe l  i s  18  i n .  w ide ,  12  i n .  deep ,  and  50
f t .  l ong .  The  s l ope  ang le  can  be  va r i ed  t h rough

90'  f rorn hor i .zontal  to vert ical"



A

A reportl has previously beea lssued by the St. Anthony Fal-1s iab-

oratory in whieh the development of a separate insirrunent ls deseribed for

use in neasurlng air eoncentration in flowing air-'water uixtures. fheSAF

velocity neter described in the present, paper is to be used in conjunction

with the previously described ai-r-eoncentration measuring deviee to obtain

detailed infornation regarding aerated flows. The functions of the two in-

struments are eomplementary in that tlrey are both needed in obsenrations to

define ai.r-entrained flows completelyl but the two are eompletely sel-f suffi-

cient so that the accuracies and liuitatlons of either of the instruments are

i-ndependent of the other"

rI. EARTIEB STI]'IES AND INSTRUMEMATTON

A review of the literature relative to air entrainnent2 assembled

as an initial phase of the present investigationso reveals that the main ex-

perlmental effort has been Clrected toward the deterrnj-nation of air content

of flows" Tlhen veloeity measureruents were eonsid-ered, they were usually em-

ployed as a means of obtaining a better estlmate of the bulk ratio of air to

water in various flows under laboratory or field conditions. There are no

preeise data on ve1ocit3, distribution in air-entrainecl flows whieh rnight be

used in detailed analyses of shear distribution, energy foss, or other internal

f low charaeter ist ies.

Ehrenberger3 of Yierutar Austria, in pi-oneering studies of air-

entrajnment phenomena assumed that the velocity distributions in hj-s aerated

test ehannel flows were linear between surface velocities obtained w'ith floats

and velocities measured near the flume bottom where there was 1itt1e entrained

20rru., P. Lanb, Air Entrainment in Flowing Water, A Srunnary and Bibliog-
raphy of tlterature
@eportI ' lo. :-g, tpl$).

3Bh""rrb""g"", rrWasserbewegung in steilen Rinnen (Sehusstennen) nit be-
soncler Beriicksichtig':ng der. Selbstbeliiftungrtr (now in Steep Chutes, with
Special Reference to Self-Aeration), Osterreiehis?her fngenierr - uncl Archi-
tektverein, No. l|/ft anrl t7h8, 19
Sureau of Reclamation, Ienver, f,olorado.
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air" lYith this estlmate of the velociiy distribution, he used a Pitot tube

to obtain air-eoneentration distribution in vertical traverses, the assurnption

being that arry deficiencies between the stagnation pressure to be expected

at the assumed veloeity ancl the stagnation pressure aetually obtainecl were

directly caused by the presence of air in the flow at the poini of measurement"

. Now with newer rnethods of measuring the air-eoneentration distribu-

tion directly by independent means, the question arises as to the feasibility

of using the Pitot tube in eonjunetion with the data on air eontent for the

purpose of obtalning applicable veloeity measurements. If the rnixbr:re of ai.r

and water were eonsidered to be replaced at every point by a homogeneous fluid

of a ciensity the same as the bulk denslty of the mixture, the Pitot tube coul-d

be used to measure the velocity, However, the mechanieal function of the

Pitot tube involves the concept of a point or reglon 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 trrbe in measuring the veloeity of

mixtures. A detailed diseussion of the inherent shortcomings of the Pitot

tube for neasuring the velocity of nixtures will be dispensed with, Howevero

suffice it to say that in the case of points of flow nhere the amount of air

entrained is small, the eurvature. of the streanlines at the end of the tube

will, among other things, eause separation of the air fnC water as eompared

to the normal mixture" At higher air-eoneentratioa leve1s, there arises a

successj-on of impingements against the enci of the Pitot tube in eontrast to

a stagnation point anC the applieability of the neasured values are again

questionable. fn addition to these and other inherent questionable features

of the Pitot tube, the aceuracy of the veloelty neasurements would in any ease

be li-niteci to the aeeuraey of the air-coneentration measurements instead of

being independent of them"

The basic eoneept of veloeity as being distance diviCed by tine

provides the nost direct means of establlshing velocities in open ehannels"

The oldest techniques are based upon this concept. Varj-ous float rnethod.s have

long been used and are stil l- used in river and eanal veloeity observations,

i.n the forn of surface floats, subsurfaee floats, rod floatse ete, A sornewhat

later development was to use dye elouds over extended rj.ver stretches to

deterraine mean velocities+ .



IIf. SALT VEtOCffY IIETHOD

l .

The A11en Salt Velocity Methoda introdr:ced by C. ld. A11en for cleter-

mining nean veloeities and flow qnantities by observations over long stretches

of ehannels or conduits narked an advance in measurernents of this eharaeter'

Salt was substituted for previously used eoloring material in the iajection

techniques and then detectedby the passage of the salt cloud at some dovrnstream

station by recording with an ammeter the inerease in eonduetivitl ' between two

electrodes placed in the flow at the downsirea"n station. Variorrs refinements

and revised versions of this method were lntroduced by other investigators.

Probatrly the nost practieal applications of the Allen Salt Veloeity Hethod

were made in closed penstoeks, pipelines, and fl-ow through hydranlie maehinery

fnn *.ha nrrnnneo sf establ ishing eff ic lencies of hydroelectr ic plants.  Thev r t v  r  

(

TJnited States Bureau of fi,ecl-amation' in a study of air-entraineC f"lowsr em-

ployed the salt velocity nethoCs to obtain mean veloeities in exbensiv'e reaehes

of high-velocity open-ehannel streams in flimres of constant cross section.

The veloeity measurements were used to gain an estlnate of the arnount of alr

entrained 1n the stream.

IV. FACTORS ENTERING SELECTIO}.I OF VEIOCITY I,MASURING METIIOD

The mean velocity of fl.ow through a cross s€ction is readily ca1-

cr:late<l in homogeneous fluid stveams iryl:ere the diseharge and cross seetion ean

be directly detennined. However, even this latter basic information becornes

elusive when air insufflation oeeurs because then the ai-r Cischarge and the

cross-seetional area are aCditional points of uneertainty. In faet, the data

available to various authors are so ineonclusive that contradictory statements

have been published as to whether the presence of entrained air results in

increasing or decreasing the nean veloeity of flow.

In the design of a veloeity meter the range of conditions that night

confront the instrument are irnportant, Experience showe that insufflatlon

I

4C. M. A1len and E. A. Taylor, ftThe Salt-Veloeitylr{ethod of lffater Measure-
mentrrr TraqqectLons of the Anerican Society of i{echanical Engineers, Vo1 . 1$,
\ L y t J )  t  F .  t o > .

)C. i{. Thoruas, rf Progress Report on Str-rdies of the Flow of 
'ltlater 

in open
Channels witlr High 0radientsrrr (Hydraullc Laboratory Report No. 35, United
States lepartnent of the Interior, Bureau of Reclamaticn. )



night be encountered in streams having a mean veloci-ty as lour as possibly l+ fps

but usr:aIly the velocitj-es are mueh greater. fhus, the instrunent refinements

necessary for accuracy at l-ow velocities are unimportant" At higher ve1oc1-

ties, where ai-r entrainment is comnono the instru,nent must be ruggedr positive

j-n aetion, and sufficlently versatile to glve a reasonable aceuracy of velocity

:neasurement throughout a wide aeration-density range"

The cusiomary eoneept of fluid denslty applicable to homogeneous

fluids is not direetly applicable to heterogeneous fluid mixtures of maero-

seopie proportions. In eonsid-ering the flow pattern of such a mixturer the

filamentis made up of random air andwater regions" Ore might "for eonvenienee

introduee the eoneept of rnean bulk density of the fi1-arnent, but not without

Ciseernnent as to the linitations of this coneepi"

Extensive vertieal traverses of air concentration conducted Crring

the earlier studies at the St" Anthoqr Fa1ls Laboratory indleate that the

distribution of air concentrati-on ean be approxinated by an equation of the

logarithmic type when progressing from the flume bottor:r to the flow suface"

Situations night arise wirere the flovr near the bott,om of the strean is vir-

tua11y devoid of entraj-ned air while near the surface nearly 100 per cent air

makes up the filament" Lt lorrer leve1s of air concentratLon yshere the volume

of water exeeeds the volume of air, one might expeet that the air takes the

forn of bubbles in the flowing strearn of water. At 1eve1s where the mean air

eoneentration 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 exbremes

fron bottom to top provides a less clearly defined air-rryater mixture. Obser-

vations by neans of high-speed photograpty show other large-sca1-e pulsating

phenornena in the air-ryater flows, At some eonbinatj-ons of slopes and dis-

eharges, definite train wave phenomena are superimposed upon the general air-

entrainment pattera. Ifacroseopic air poekets nay develop at sorne flc'w eon-

ditions r,vith the pockets extenCing far down into the flo'w, $ome eonditions

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

The foregolng description of the general eharaeter of air-rnater

raixtures in insufflated high-velocity open-channel flow imrnediately gives rise

to the linitations of nany customary velocity measurlng methods.



V. OPENATING FN,I}iCTPI,ES OF T}18 SAF VELOCITT }.{ETER

The SAF veloeity rneter makes use of electronic methods of neasuring

very short tine intervals accurately and easily, as developed extensively

cluring $rorld War II for radar, sonar, and other sinilar uses. It also makes

use of the salt velocity prineiple whieh was initially developed to rneasure

mean velocities over long reaches of channel to ninirnj-ze errors ln the obser-

vationof tine intervals. Byuse of eleetronie measurenrent of tine intervals,

the distance neeessary to observe an aeeurate velocity ean be shorteneC to

sueh an extent that essentially point veloej-ties can be obtalned and therefore

velocity traverses over a cross seeiion can be rnade. fn faet even turbulence

pulsations can l:e observed by using very short distance intervals of measure-

rnent. fhe applieation of an instrr:ment of such basic design to determining

velocities in fluid mixtures ean be eheeked against eonventional lnstrrrments

in homogeneous f1ows.

Basieally ihe operating prineiple of the instru,nent eonsists of

marking a smal1 element of a flowing mixtrrre ancl. then reeording the tine in-

terval required for this rtarkeC element to traverse a fixed distance. The

marking is aceompllshed by :naking a dininutive portion of flowing water more

highly conductive to electrical eurrent by the injection into the strean of

a very smal1 amount of salt solution or sinii-ar eleetric eonduetor' The pas-

sage of this ionlzed eloudlet 1s then detected by electrodes in the stream

situated at fixed stations in the flow path. The injeetion mr:st be made suf-

ficiently rapid to 1abe1 a very sma1l portion of flowing fluid, and the mornentum

of ihe injection must be sufficiently low to avoid introdueing significant

change in velocity of flow from the injection.

Uslng the foregolng prineiples, the new instrument eonbines a mech-

anical injection systen rvith an electric tining and inCicating system for the

purpose of measuring velocities in air-water mixtures, fn i-ts present design

the device can eomplete the entire veloeity neasurenent fronn the injeetion to

recording within a distance of 5 in, or less along the flow filament, The

marking is done by injecting a miniature slug of 5 per cent saline solution

into the flowlng stream within a short tine interval of less than t/6OA of a

second, The volume of each injection is approxinrately O.OJ eu cm, a quanti-ty

sufficiently snal-l to insure no significant momentum effects upon the flcmring

strean although the veloeity of injecticn is quite high.
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?he salt solution irnmedi-ate1)- ionizes the water partieles that it

eontaets so that an ioni-zed eloud1et is placed in the fllament of flow of rvhich

the velocity is being measured. This clo':dlet is then swept past the two

elecirode stations arranged in tandem al-ong the flow path" Indications are

transrnitted io the electrical circuit r.r*ren the front of this ionized cloudlet

arrives at each ef-ectrode station, $r naking simple aCjnstments of the elec-

trieal cireuit, the tine lapse between the lnstant that the peak inrlication

near the front of the el-oudlet arrives at the first eleetrode station and the

instant i-t arrives at the second station ean be aceurately measured' In the

current design of the SAF instn:ment, the Cistanee between the eleetrode sta-

tions has been fixed at J inches. 0n1y the very tips of the, electrodes are

left uninsulated and exposed to flow.

fn the developnent of the instrument, mueh experimental work was

done in establishing optimum conCitions for injection of the salt solution.

The front of the eloudlet is of special inportance beeause it rnust be sharply

defined and vertlcal to assure sharp and aceurate readinqs, This is aceom-

plisheC by an abrupt and rapid injection using an injector pr:rap from a Diesel

engine as the main component of the system. The injector purnp is driven

repetitively by a tripharunern'h-ich in turn is powered by a smalJ electrie dri1I

notor. The salt soluti-on to be injected is stored in a srnall reservoir and

fed by gravity into the injeetor punp. L{etering of the Quantity injected at

eaeh stroke of the plunger is possible because the pump plunger is slotted

for variable delivery" It has been f ound- for the open*ehannel aerated. flows

now being studied that a rate of 1! injeeti-ons per sec is most advantageous.

At each stroke of the injector pu:!p plunger, the pressure is built up to where

it abruptly opens a spring-loaded valve in the outlet port of the injector"

Thls valve closes immediately after the peak of the pressure pulses has passed,

fhe fluid eharge then passes through a sma1l injeetion tube leading from the

outward port of the injection pwnp to the point of injeetion in the floiiv

stream, At the point of injeetion the Ciminutive slug of salt solution in

the end of the needle is abrlptly forcerJ. out into the flow to form the ionized

cloudlet 'whose passage is recorded at the elecirode stat ions'

I' igure l+ is a sketch of t,he injection systen, The salt solution

from reservolr A flows down through the tube to the inlet port in the T)iesel

injector punp B. The pinion C rryhich is attacheC to the punp plunger can be

rotated to set the proper delivery voh:me, The pu:np plunger is aetuated by
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',he iripharyner D r:hich i-n turn is elrivenby the eleetric motor E, The injec-

',ion pulse fron the punp is carried 
'down 

through the injection trrbe to the

poi-nt of injection at F. If the injected slug eneounters any water, its

Cownward movement will be dissipateC and the sma11 rnass will alnost im'nediately

attain stream velocity. The ionized cloudlet in the vrater wll-I then pass by

*uhe tips of the electrodes G and H whieh are spaeed 3 in" apart and a velocity

reading will. be obtained. If the injected spray does not encounter any water

but is rather fired Cirectl;r j-nto an air poeket, the momentum of the injeetion

wi1l carry the salt solution down past the 1eve1 of the el'ectrode tips and

*,here will be no indication, The spaclngs between the two electrod"e stations,

and also between the point of injeetj-on and the first electrode station, as

well as the difference in 1evel between the point of injection and the elec-

trode tips were al-l selected so that the salt cloudlets that have attained

streani veloeity wo''":ld l-re the only ones carried past both electrodesr thus

forming indi-eations.

The threaded shaft in Fig" )+ is used to position vertically the

eleetrode tips at any desired point in the flow. The lower plate is the only

portion of the instrunent that ls actually inserted in the flow. This plate

is 1/B in. vride and is sharpened at all edges so that it can be inserted into

the lrigh-velocity flows without excessive splashing. 
.

lesign of the injection system and the nozzle at the enC of the

injection tube proved extrenely critical- in obtaining true velocity readings

with the l-nstrument. For il lustration, two motion pieture studies of injec-

tion sequences are inelucled. These rrrere made with a 35 mn high-speed motion

picture camera operating at"500 frames per see. Fluoreseein Cye nras srrbsti-

tuted for the salt solution so that the shape of the cloudlets would be visible"

Fig;re 5 shows an undesirable injection where the front of the salt cloudlet

is incl-ined w'ith the vertical and has a sl-ight break near the leve1 of the

electrode tips. 6i-nce the f,ront of the cloudlet is the point at which the

beginning of the lndication is relayed to the electrical eireuit, this injec-

tion would tenC to promote erroneous readlngs. Figure 6 illustrates a desir-

able injection in which-the salt'cloudl-et is conpact and the leading edge is

vertical. The insul-ation on the eleetrodes photographs white, The uninsulated

electrode tips are at the very ends of the electrodes and it is this position

that rnarks the point where the veloeity is being neasr:red.
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The arrangement shorrm in this illustration gives a
axis til-ted to the normal strearn f1ow.

Sketch shows detail of injectlon-tube outlet and
respect to the flow in rvhieh photograph was taken.

Notations j-n lower right-hand eorners gi-ve seeon<ls
ture.

conpact cloudlet vrith its

orientation o1' probe with

elapsed from initial pic-

Fig.  5  -  Photogrophic  Record of  undesi rob le Type of  croudlef
Fr uo r e s c e in ur " * ""ro" 

:?::l'""T* i:i ;:"t: :;] 
*t "n in i n j e c ti on
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The arrangement shown in ttr.is illus-
tratlongives a conpaet cl-oudlet with
its major axis nearly vertical.

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

Notations in lower right-hand eorners
gives seconds elapsed fton initialpic-
ture.

F i g .  6  -  P h o t o g r o p h i c  R e c o r d  o f  D e s i r o b l e  T y p e  o f  C t o u d t e f
F luo resce in  dye  was  subs t i t u t ed  f o r  sa l t  so l u t i on  i n  i n -

ject ion to obtain v isual  record.
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The eleetrieal clrcuits are slr,ply di-agranuned in Fig. /" The leads

fron eaeh of the eiectrode stations in the probe are eonnected to the cathode

ray tube through their respective electri-cal amplifiers, The porrver supply

and sweep generator cireuits are neeegsary for the operation of the eathod.e

ray tube, The clrcuits are all enclosed in the ehassis il lustrateC in Fig. 8.

?he eleetronic tinr-ing eireuit is sinilar to a type cl.eveloped for radar ti.ming

during the past vtar" The electronic tining eirerritts funetion is to plaee

marks on the eathbde raJr tirbe sereen at the beginning anC at the end of eaeh

tinring interval. Separate knobs on the electrical eontrol panel shown ln

Fig. 9 ae nultivibrator and phantastron allow the operator to position the

linits of the tining interval at the peaks of the indieations fron the eleetrode

stations. T{hen these are positioned aeer:rate1;' en the indieations from the

electrodes, the reading on the phantastron dial ean be Cireetly converted into

stream velocity. This dial can be set with extreme sensitivity as it has 1000

separate divisions on its ten-tr:rn range. The timing eireult accuraey is on

the order of + A.025 nill iseeonds.

Tlpical inriications that appear on the faee of the cathode ray trrbe

are sketched in l'ig. 10, fhe tin'i-ng marks showing the extremitj-es of the

timing interval are properly positj-oned at the pealcs of the j-nclicatj.ons from

the respect ive eleetrodes " Repet i t ive inject ions result  in a sueeession of

such indieatj-ons on the cathode ray tube screen. They all fa11 elose to eaeh

other brrt there are of colrrse s;nall Cifferenees beearrse eaeh indieation rep-

resents an instantaneous sample of the longitr-rdinal veloeity at a point in

the flo'w, and of eourse the flows in whieh the measurenents are being taken

are highly l,urbulent. Atthe rate of Ij in;issflens per sec, the visual aver-

aging of the sma1l differenees of the indication peak positions and the proper

positioning of the ti-ming narks by the operator have been satisfaetory.

igure 11 is a motion pieture strip of inciications appearing on the

cathode ray tube from sr:eeesslve injee'bicns. The tining narks were not posi-

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

the independenee of their spaeing coulci be illustrated,.

Flg:re 12 is a photograph of the present design of the SAF velocity

meter with the probe elevatedabove the high-ve]oeit)' flow beneath. fn oper-

atj-on each reading wi'th the instrr-rnent takes about 2 nin of tine. This inehrdes

the tine necessary for the operator to position the instn:ment in the florv,
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T i m i n g  m o r k  f  r o m
w h i c h  f r i g g e r s

m u  l l i v  l b ro  l o  r
p h o  n f o s l r o n

l n d i c o f i o n  f r o m
u p s t r e o m

e le  c  l rode

T l m i n g  m o  r k  f  r  o m
p h o n f o s l r o n

Ind i co l i on  f rom
downs t  reo  m

e  lec l rode

Timing morksS w o e p

lr ipping mork posif ioned by

opsro lor  o t

psoks of indicotions

F i g . l O  -  S k e f  c h  o f  I n d i c o t i o n s  f  r o m  E l e c t r o d e s
C o t h o d e  R o y  T u b e

o s  T h e y  A p p e o r  o n

F ig .  I  I  -  Mo f  i on  p i c f  u re  Record  o f  Success i ve  Ind i co t i ons  on
C o t h o d e  R o y  T u b e

The indiv idual  f rarnes show the response on the cathode ray
tube  f o r  t he  passage  o f  success i ve  c l oud le t s  a t  l / 15 - sec  i n_

te r  val .
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F i g .  l 2  -  S A F  V e l o c i t y  M e t e r  M o u n t e d  t o r  0 p e n - C h o n n e l  M e o s u r e m e n t s

The electrode stat ions and in ject ion tube were bui l t  in to a s ingle I /8-
in,  th ick brass plate for  st rearnl in ing in h igh-veloci ty  f low.
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start the injection raotor, observe the indieations on the cathode ray tuhes

position the tining markso and read the velocitl. st the phantastron dia1. The

actual proeed':re can be taught to an observer in a few mimrtes as the only

acljustnents necessary for determining the indieated veloeity are the two timing

rnarks,

The present insfruraent has some lirnitations as regards rnaking accu-

rate measurements very eloseto fhe wal1. The :nounting permits it to be rrsed

rrn t.n a/A ir'^ f'"om the side wa11s and it is doubtful that accurate readinp'sU I J  V V  ) /  W  L L L .  ! I v r u  V r r U  U ! \ { G  r i g r r  ! v  4 p

eor:1d be obtained closer than this distance from the wall beoause of electrode

interferenee set up b) ' the steel-wa11 boundaries, Tlhen the point of  neasure-

nent is closer than 3/B in. to the bottom of the channel, it is probable that

there rril1 be excessive j-nterference llrith the in.jection eloudlets whj.eh worlld

pronote erroneous measurements.

VI. TEST VERIFICATTOIfS OF SAF VETOCITY MEffiR

Varicus experinents have been made to test the pract ieal i ty of  oper-

ati-on, the effectiveness, and aeer:raey of the SAF velocity raeter in its present

form. The roost direct check that can be nade is probably a eonparison with

a Pitot tube 1n a nonaerated stream. Figure 13 is a t;'picaI eheek eomparison

between the Pitot tube and the SAF velocity meter in a strean of water in a

channel. Independent observations were madeby two observers. The veloeities

indicated hy the SAF meter ar-a seen to be slight1y lower than lhose obtained

r^*  +L^ D- j  + ^+ +, ,1^ur vrrs  ^ruvu " , . , ,e  &t  the same point  and f lorv eondi t ior t ,  that  is ,  near ly  a l l

n n i n f c  f r l l  e l i a '  ' '  t  P o  'htly bei-ovr the !1" line of perfeet eorrelation. The apparent

tend.eney of the SA.F meter is to indieate velocitieg 1 or 2 per cent lower than

the vel-oeities obtainedby the Pitot tube. This might be attributabl-e to the

veloeity deficiency ear-rsed by the drag of the first electrode, si-nce the tips

of the electrodes are the only obstructions in the flow at the level of the

fila-nent being neasured.

Experience with the lnstnment useC in aerateC flows inCicates that

i t  w111 give a veloci t ; '  reading when the inject ion slrrg eomes lnto eontaet

with a vol':me in the flow filament that has an appreeiable percentage of water,

There will be a suffieient number of indications as a result of repetitive

injections to obtai-n mean veloeity C.eterminations by the instrument at air-

eoneentrat ion levels up to about 70 or 80 per eent.  Above the 80 per eent

lev'el of air eoncentrati-on. there are insufficient nu:lbers of i-nCications on
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the circuits io measure rnean velocity becarrse the *rater is mainly in the fornr

of isolated droplets in the air flow. In the highl-y aerated regions of f1ow,

no direct nethod of ehecking the velocity reeording of the instrument is

available; reliance has been placed upon the consistency of results and the

reasonableness of the vel ocity pattern in a vertical of the stream eross section

rneasurlng fron points of 1ow air eoneentration near the stream bottom ancl hlEh

air coneentration near the top of the stream.

A plot of the air-eoneentration distribution anci the veloeity Cis-

tribution in an air-entrained strean is shorryn in Fig. 1,L. The e:iperimental

observ'ations of the air-concentration distribution were obtained with the

electric air-eoncentrati-on measuring instrument previously developed at the

$t. Anthony Fa11s Hydraulic Laboratoryo and the veloeity observations urere

obtained with the SAF veloeify meter, Taken together the two distribution

plots define the ai-r entrainnent and velocity patterns in the flow eross

sect i-on.

The raeasured arnount of water flowing through the channel was l}.9t

cfs, lrrhile an integration of the water flow i-n the eross section, by taking

into account both the aj-r-entrainment observations anC the velocity observa-

tj-ons, gives a bulk diseharge of water of 10.8 cfs. There was thus a check

of the bulk flow with the integrated discharge within }-I/z.per cent. This

verl' close eheck, however, nrust be eonsidered fortrritorrs, because the several

uncertaint ies coneerning veloci t ies elose to the sol id boundaries and near

the indefinite free surface of flow would appear not to warrant nornal aceu-

raeies of the order of 1 per eent" Reasonable assunptions eoneerning the water

discharge in the bounCary areas had to he nacJe to eo;ip-r-ete the integration.

In aq" ease, the fact that the e;perimental observations can be correlated so

elosely il l-ustrates applicability of the instmment to the tl,pes of flor for

whieh it was desiEned.

WI. CURRNhIT STATT1S OF DEVEI,OPMENI OF TI]E SAF VELffiTTY }MTEA,

The SAF meter has recently been mounteC in a marrner that will fac-

ilitate veloeltl ' traverses in the aerateC open-channel florns being stucileri at

tlie St. Anthon;. Fal1s laboratory. The new mounting i-s shovm in Fig. 1!.

V t" L o e .  c i f .  N o t e  1 .
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The electrical eircuits have been further developed during the past

fe'm weeks so that the placing of the l-imits of the tinrlng seqrlence on the

patlis of the velocity indications is Cone automatically. The averaging of

these indicated times is also aeconplished positively by the electri-cal cireuit

so that the small opportunity for operator bias in plaeing the timing marks

is elin:inated. ?his eircuit cLispenses with the need for the cathode ray tube

whi-ch was so essential to the developmental phases of the instrument, thus

allowing the entire electrieal eireuit to be packaged rnore conveniently. The

mean veloeity is read directly on the meter, naking the instrument entirely

objeetive and sinrple to use in an erperimental study.

The incorporation of the injeetion tube and the electroqte stations

into a single plate i-s a most satisfactory arrangenent for a device that roust

be inserted into high-velocity streams. There shouldbe little diffieulty in

eonstrueting a sinilar probe to a larger scale for investigation of aerated

flows 1n large-scale fielC strtetr:res. The conpact portable electrical system

rvhere the veloclties canbe read directly on an electrical meter is particularly

adaptatrle to field conditions,

The SAF veloclty meter as nolr being used with the cathode ray tube

is quite satisfaetory for laboratorl observations and the indications are that

it delivers an individual reading aeeurately on the order of 2 per 
'cent 

of the

actual velocity, It, is quite sensitive to velocity ehanges and perrnits de-

tailed study of aerated flows that vras not possible wiih measuring instruments

previouslSr available. Exploratory studies that have thus far been made also

indlcate that the instn:r,ent night be explolted for turbrrlence mea.surements

in water, Its use for measuring velocities in other fluid ruixtures is also

possible under proper condit ions.


