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SITTfifARY

An electrical instrurnent has been developed to measure the air con-
eentration in flovr:ing air-water nrixtures as part of an investigation of the
mechanism by ui:ich atmospheric air is entrained in flowing water, The theory,
developnentr and verifj-eation of this instrument are deseribed in this report.
The instrument ls shorarn in Figs. 6c and ?r and the electrical circuit is shorm
in Fi-g, 9b.

The electrlcal measurement of air coneentration vas chosen after
exaraining possible meehanleal, ehemieal, and magnetic roethocls" The method.
consists basieally of a measurement of the difference between the conductivity
of a rnjxture of air and water and conductivity of water alone. A roechanical
strut supporting a palr of electrical probes has been combj-ned with the elec-
trical circuit in such a manner that air-concentrati-on measurements may be
made, not at a point, but at least in a sma11 region of the flow. lllith this
i-nstrument it ls now possible to traverse the flow eross section both verti-
ca11y and 1ateral1y and to obtain the d.istributlon of air in the flowing nix-
ture' The relatlon between the instmment readi-ngs and'air-eoncentration
values are deternined theoretically and the instrunent is direct reading, By
cheeking the results of the electrj-ca1 nethod against a direct nechanical
sanpling method, it has been deternrined that the values of air concentration
computed fron theoretical conditions alone were sufficiently accurate for
experimental work without further calibration,

The lnstruraent is now designed for application ln an e:perimental
laboratory channel, but with the use of a more rugged strut and supporting
structure the rnethod could be applied equally well- in large flumes and sp111-
ways,

r" INTRSDUCTION

The rruhite waterrr conmonly observed on steep flumes and spillways
is ilryortant to the designer of these structures, but the inforrnation about
it is inadequate for efficj-ent design purposes. The white appearanee of the
water ls caused by the entrainment of aj-r in the water, a process knotrrn as
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self-aeration, Se-'1-f-aeration occurs at high flow veloci-ties cn slopes of 60

or more, and, if the slope is long enough, produces a maximrm tern"lnal air

content in the water beyond sorae point on the slope. Severai nrutuall)'exelu-

sive theories have been used to define the self-aeration of the water and the

resultlng flows of ai-r-r,vater nilxtures. E:cperimental observations have not

been sufficiently precise to excluCe the impractieal theories and to act as

a guicie for the development of the correct analysis. This clearth of reliable

experimenial data can be attributed to the inability to obtain aeeur"ate dis-

tribu-tions of velocity and air eoncentration in the flow cross section w-rth

available instruments.

For the abc-re reason, 1t was decided to, concentrate on the develop-

rnent of satisfacto:'y instruments for the measurement of the air-entrairurent

phenomena before a eonprehensive extrlerimental program was launehed. A va:"iabfe-

slope, laborator;. flume (fi-gs. l and 2) and a mechanical, air-water sanrpling

device (Figs. I and h), wtricn had been used in previous experimental prograns

on air entrai-nment at ihe St. Anthon;. Fal1s H3'draulic Laboratory, were ava11*

able for use in lnstrument development, Unpublished data obtained with ihe

above equiprnent, as well as previously publisherl reports [ 6]*, were used to

establish the requirenents of the instrunents to be developed.

The nature of the admixture of air and water is of greatest inpor-

tanee to the development of specialized instruments. Photographic obseyv-a*

tions, tempered by basic analyses of the physical state of the mixture, form

the basis for the following description of the flow, Air bubbles are sur*

rounded by the water up to a l-evel of mean air concentration between !0 and

50 per cent. The najority of these bubbles adhere closely to the spherlcal

shape, because when they are large enough to becone appreciably distent-led, the

forces of motion tend to cause a rupture of the bubble and a consequent divi*

sion into spheroids of smaller size. Above the bulk of the water flew, a

nr.:rnber of water droplets are in motion through the air; these droplets make

up a very small percentage of the total water flow through the section. :\t

the levels of air concentration from 6O to 95 per cent, ihere i-s an extremely

irregular traveLing-sr-rrfaee region. This surface is undergoing constant change

normal to the direction of the bulk flo*v, but has no apparent velocity in the

*N,*bu.u in brackets refer to the corresponding numbers in the Bibiiography,
p .  2 8 .
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Fig.2- View of  High-Veloci ty Flurne ot  o 20" Slope
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bulk flow direction relative to the average velocity of the underlying flow

of water and entrai-ned air bubbles, Thus the mean air concentration in a plane

parallel to the channel bottora in this roughened-surface range is an average

of t,he depressj-ons, where there is alnost 100 per cent air, and the crests,

which have roughly the same air eontent in the form of bubbles as the under-

lying f1ow. It is probable, however, that rnany of these uneven disturbances

persist far below the 60 per cent plane of mean aj-r concentration and must

also be accountecl for in the measurement of air concentration at the 1ower

elevat ions.

ff air distribution anC velocity distribution in a rnixed-flow cross

section were approxi-nately the same, it would be possible to obtain useful

inforroation from bulk flow measurements of thb air and water mixture. In most

cases the distributions are knor!'n to be entirely different, making it neces-

sary to measure air coneentration as well as velocity distribution at several

points in each cross secti-on. Wlth different distributj-ons 1t is apparent

that the percentage of air to water flowing through a cross section will differ

from the percentage of air to water in a cross section even though the flow

due to air-bubble buoyancy be negl-ected.

This paper deals with the design of an instru:nent to measure air

concentration' The rneasurernent of velocity in an air-entrained stream is beJ-ng

considered in a separate study.

Trlith few exceptions, former eryerisental programs i-nvestigated the

bulk air content and made no provision for deflning the distribution of air

in the fIon" Total air content in the flow was defined as the deficiency be-

tween the product of mean velocity with observed cross-seetlonal area and an

accurately neasured quantity of uater flom Measured values of cross-sectional

area ancl mean vel-ocity were subject to large errors both in definition and i-n

measuring technique, Any deviation in the actual flow from uniform distribu-

ti-on of velocitSr and air coneen.tration introduced erroneous values of total

ai-r content.

A pioneering effort to def'Lne and obtain the distribution of air in

self-aerated {lows was made by Shrenberger in laboratory and field experiments

in Austria [ 2]. After an lnitial measurement and estlmate of the vertical

velocity distrlbution, he enployed a Pitot tube to obtain a vertical distribu-

tion of stagnation lteads. Assuming air to have no density relative to water,

the deficiency between the neasr:red stagnation head and the stagnation head
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of water flowing at the e:pected velocity beeame the index of alr coneentra-

tion at the poinf of measurement. ?he velocity distribution he uti-lized was

dependent upon the assumption of a straight-1ine variation between a measured.

velocity obtained near the channel- floor arith a Pitot tube (no appreciable

quantity of air present at this 1evel) and a measured velocity near the surface

obtained wlth surface floats, The dependency of this rnethod upon an irnprobable

assunption of linear veloclty distribution and upon a erude, surface float

technlque prevents satisfactory evaluation of the experimental ercors"

Suring previous investigations of self*aerated flows at the $t"

Anthony Fa11s llydraulic Laboratory, an instrument designed particularly to

obtain traverses of air concentration was developed and used extensively.

fhis instrument will subsequently be referued to as the meehanical saarpler,

Figure J is a photograph of the apparatus and Fig. l+ eontains a diagrammatie

sketch of the flow circuit" Because of the important rol-e the mechanical-

sampler played in the developnent and veriflcation of the proposed electrical

method, a descrlption of the apparatus and rnethod of operation is given in

the Appendix.

The principal disadvantages of the mechanical sanpler are that (1)

the physical dimensj-ons of the devi.ce limit ihe range in which aceurate read-

ings nay be obtained; that is, the air chamber fills in a very short interval-

of tine at high air concentrations and does not fill uniformly when the air

concentration is low, (2) the tine necessary for a trained observer to obtain

the correct aspiratj-on setti.ng and'to balance the systen averaged about 30

nrinutes for every point, ana (3) there is no opportunity to study short time

variations jn air coneentration with this syste:n. nespite these shorteomlngs,

the deviee gives a straightforward measurement of the mean air concentration

at a point in the flow that must serve in the absenee of an absolute measure-

ment.

trfiith this background, it is possible to state the desirable charae-

teristlcs of an air-coneentration rnsasuring devlce. 
'iltith 

regard to the measr:re-

ment i-tselfr an adequate definition of eontent and distribution of air flowi-ng

i-n air-tnater mi-xtures woulC include both the distribution of air in a cross

seetion and temporal vari,ations of ai-r content at the points of measurement.

The portion of the cross-sectional area inchrded i-n a single measurement (the

so-ca11ed point of neasurement) must be sma11 in relation to the entire cross-

secti-ona1 area if an aeenrately defined distribution is desired" 0n the other
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handr the area of individual measurement must be large enough to aceommoCate

several air bubbles if a conditj-on of fu11-scale variation of the measuring

lnstrruaent at every bubble passage is to be avoj-ded.

Even though the point of measurement is large enough to include

several bubble diameters, fhere will be an appreciable change in the percentage

of ai-r concentration with the passage of eaeh bubble past this point" These

rapid changes in concentration nust be averaged by the measurlng instr.unent

so that the average eoncentration at the point of measurement is obtained. The

instrument sensitivity depends upon its ability to deteet sma11 shlfts in the

mean concentration at a point. An instrument that is relatively indepenclent

of calibration and is not overly sensltive to other variables is particularly

desirable for the r:easurement of air content slnee there are no absolute

standards of comparison that raay be used as a control on the experinental work,

The high velocity of streams where self-aeration oecurs requlres

the use of a rugged and fairly sJ-nrple elemeni for inserti.on into the flow,

The shape of this element nust not unduly disturb the flow filarnent being

measured, as it is evident that any enforced curwature of the flowlng mixture

would tend to separate the air frorn the water because of the difference in

densities. Sinrplicity of operation, freedom from observer errors, and. conser-

vation of time are obvious advantages in any nethod. of measurenent. An elec-

trieal nrethod appeared to offer the best prospect of fulfil l i-ng these desirable

eharac'beristics .

IT. APPLICATIONS OF ELECTRICAL

}trASURTNG TECHNIQUES TO REI,ATED PROBLEhF

The electrieal method of measuring ai.r concentration in flowing

water is an aclapti-on of methods used extensively in biological investigations

of dlsperse systens, such as in studies of e1X'ffuyocyfes and col1oida1 suspen-

s ions .

The method depends upon the faci that the'electrical eonductivity

of a suspension of partlcles in a fluid mediu:n wilf vary di-rectllr x616 1h*

total vol-ume of the suspended partlcles. If the speeific resistivity of the

suspend.ed partieles is greater than the specific resistivity of the suspending

mediu:tr' the resisianee of the suspension wiI1 inerease as the relative volume

of the suspended material increases; and if, the snspenCed material has a
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specl-fic resistivity less than that of the suspending nediur, the resistance

will decrease as the rel-ative volume of the suspended malerial increases. It

is knoun [10] that the conductivitlr of the suspension also depends upon the

shape and orientation of the suspended partieles. This relationshi-p assumes

importance in investigatlons of erythrocytes which are ordinarj-ly discoidal

in shape. Variati-ons of resistance with temperature and ionization are defi-

nite problerns in all resistance measurements of suspensions, and. means must

be erpl-oyed to cause these factors to remaln constant or their effects to be

aceountable.

An eryression for the conductivity of a suspension of homogeneous

nonpolarizable spherss was given b]. Max,vell [7] with the equation

" - " 1

2 r y = p
' 2  ' t
F-ffi- - 2  - 1

/ r  \

v*here r, is the specific resisti-vity of the suspendi-ng liquid, r, is the spe-

cific resistlviiy of the suspended spheres, r is the specific resistivity of

the suspension, and p is the volrrme concentration of the suspended naterial.

The derivation of this equation assumes that the spheres are spaced at such

a distance frorn eaeh other tha| their lndividual effect in disturbing the

course of the electrical curent is independeni ol the disturbance caused by

neighboring particles .

In the ease of nonconducting spheres, the right-hand side of Eq" (f)

becomes equal to p/2 and the solution for vo}:me concentration of the suspended

naterial is

r

f

\ 1 )p =

If the specific resistivities are taken over the same volume, electrieal re-

sistances may be substituted in the ratios for the resistivity values.

In an experimental study with crear:n, Frlcke and Morse [l+] verified

the above equation within 0.! per cent for eoncentrations from B per cent to

62 per cent. Their method of verification was to prepare sanrples of crea:n

of different butterfat eoncentrations by exact dilutions of heavy cream and

? _ 1
? ; .

11 z
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to cornpare this with concentraticns obtained by el-eci:'ica1 eonCuctivii,y neasure-

nent. They measr:red resj-stance of the contents of a special cell- with a
I'4lheatstone bridge, employing a substitution me"bhod at a frecluencl. of 8Jr000

cycles. Precau.tions were taken to rainlnize the effect of cher::-ical change in

the creaa, polarization, and other effects. The speclal conduetivity cell

consisted of a short, horizontal, cylindrlcal vessel mounted on pivots nrhrch

would pernit it to be rocked back and forth on a centr"al axis perpendi-cu-lar to

its onn axis. By this inotion a noneonducting bead within tire ce1l, v,'hich nearly

fi11s its cross section, is caused to travel- back and forth to siir the sample,

Platinized electrodes placeC in tle axis of notion rrv*ere recessed sl:-ghity so

as not to be touched b]' the bead, and the iernperature of the cell" -ras held

consNant by a rnercury temperatnre bath, A rise i.n conductiviiy was noted when

stirring ceased, which subsiCed when it uas resumed. This was postulated as

due to the particles takj-ng up an ordered arrangement, A change of resistance

of aborrt 2 per cent was reported as the frequency 'rvas 'raried frorn 1600 cycl-es

to 2001 000 cycles . This change was probably due to polariaation anC 'rvas not

expected to lntroduce any systenatic error, since the polarizaticn is propor-

tional to the resistance of cream of varying concentrations.

Fricke [ 3 ] extended the theory fo include the case of the oblate

and prolate spheroid. The rcla+. innqhin r lonirr . . . l  h:r  him in f .his instance is

Y

I- _ 1
r- - =
F* 1
._.= + h
r

.|'
* 1

a
- q I

I

- 1
_ + h
?' 2

( : )

where r, rr r and ro are agai:r the specific resistivities of the suspension,

the suspending liquid, and the suspenCed particles, respectivel-y; p is the

vo1t;me concentration of the suspended particles; and h is a funetion cf the
-^+'i^ /- ^-', the axj-s ratio, a/b, of the spheroid., In the case of ther e v l v  t 2 /  t I  4 r r u

splrere, h equals 2i tt TZ+ oo , the equation redr:ces to Eq. t2) "

Fricice plotted cltrrves for h as a function of ra/r for a nu:ber of

ratios of a/b for both the oblate ancl prolate spheroi-d. if ", is very high,

Lr is a function of a/A on1y, He also appi-ied Eq" (:) to results of other

experimenfers who neasureC the resistanee as a function of concentration for

blood as well as suspensions of sancl-s in gelatine and founrl the value of h to

be quite constant for anv one experirnental condition"
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In passing it might be noticed ihat if the suspended particles are

conducting and are encaseci in a nonconducting membrane, as in the case of many

biological cells or 1:rotected colloids, tkre imped-ance of the systen will be

reactive. The following e:ipression is proposeC b,y Fricke for the capacltancel

r  -  ( ^ ^ - ^ + \  -  n  
1 1

v  -  
\ u v r r D  v , t  e  u a  ( f  -  

; )

where r and 11 are, as before, the specific reslstivity of the suspension ancl

the suspending mediun, respectivety; a is the n,ajor aris of the spheroid; Co

is the static capaci-ty of 1 sq crn of the membrane; and the constant depends

upon the axis ratio of the spheroid. Although the eapacity is not a major

consideration in the measurement of the concentration of a suspension of gas

bubbles, it would appear to be of irnportance if the method were applied to

sedinent measurernent where it night be possible for the suspended particles

to become encased in a layer of aLrsorbed gas.

In 191+0 Velick and Gorin 110i, in a study of blood cells, reported

an investigation of the relationship between electrical- conductivity of a

suspension of eJ.lipsoidal particles and volunie of the suspended material. The

resulting equation is of the form

Y r  - ' r + i
Y ' - u- 1

for the case of zero eonductivity of the suspended particle. The notation is

as before. The factor j aecoun'r,s for di-fferent axis ratj-os and orientation

with respect to the uniforrn eleetrie fiel-d, They calculated values of j for

various values of axis ratios and orientations. Selected values of j are

presented in Table f to show the magnitude of the error that any deviation

from the assumed spherical shape of the bubble would induee'

Recently Morgan and Plrson lB] have employed electrical conductivity

measurements as an inriication of concentration of rnineral suspensions. Their

measuring apparatus consisted of tso paralle1 eopper rods 5 cm Long by 1'/2 cn

i,n diaureter placed 1.8 em apart in a ca'lindrical flow ce1l. The;' offered a

qualitative theor;r which might be somewhat difficult to justify in light of

the findings of the experimen'Lers previously cited. Their method requires

\ 4 /
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ealibration agalnst knolrn samples before it can be used. An attempt has been

made to fit these experimental results to the theories of Fricke and of Velick

and Gorin with litt,le success, although the theorrv should also apply i-n this

case.

III. DEVEI,OP},{EM CF' ?}M NI,ECTEICAT XffiTHOD

OF Ir,{EASURING AIB CONCENTRATION

Consideration of air-entrained flow as a suspension of spherical,

nonconducting part'ic1es in a conducting tiquid was deemed valid from the ob-

servations stated in the preceding sections, The range of air-bubble concen-

tration is probably greater than the concentration in any of the previous

tests cited, but si:"riIar methods ehnrr-l rl ho nnnlicabl-e over at least a portion

of the concentration range.

The method of measuring electrical conductivity used exiensively

in physical cheraistry studies employs a'flfheatstone bridge exclted by a high-

frequency oscillator. A container or cell having electrodes in the wa11 en-

closes the liquid or suspension being rneasured and leads are furnished to

comect the electrodes to the bridge. The eel1s are designed to ninimize

capacity by spaeing the electrodes far apart and to minimize polarization by

selecting a suitable material and a large area for the eleetrodes. Finallyo

a high degree of accuracy depend.s upon the ability to naintain the systern at

a constant tenperature. Bridges and ce1ls of these specific types are de-

scr ibed in reports byJones and Bol l inger [5] ,  Shedlovslry [9] ,  and others.

lfith an awareness of the magnitudes of the factors found in air-

entrained, high-velocity streams, it is obvious that the proved rnethods of

the physical chemistry research studies are not aCequate in themselves and can

serve only as a framework for additional development. There is no precise

eontrol of temperature and homogeneity of the mixture i-n the flowing, entrained

streams, but these consid.erations become relatively unimpoitant in the prac-

tical case where the ratio of two reslstanees is sufficient for the definitlon

of eoncentration. llowever, the ti-ne betlnreen initial and final resistance

measurements must be lirdted to a period which would noi include a nrixtu.re or

temperature change large enough to affect rnater'ially. the ratio of resistance.

This condition rras found to be readily attainable during the course of the

developnent.
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Since shuni capacity increases irrith increasing area of the elee-

trod-es and polarization effects increase as the elecNrode area j-s reduceci, it

r{as neeessary'to cornpromise on the elee-brr:cle size, aside fron any other eon-

sid-erations su.ch as strrrctrr.ral sNrength and desireC srrbdivi-sion of the chamel

in depth. Shunt capacit;r entereci again as the distance between electrodes was

clecreased to subdivirie the chamel in wicith. By using frequeneies of about

3500 to h0C0 cysles, the polarization effeets we:'e mac.1e snall anC the fre'quency

rvas stil-l lovr enough to prevent appreciairie shunting b)' the ca,cacitive react-

ance of the s;'stern. A further reduction cf Lhe effects of polarization could

be acconpl ished by using plat inized electrodes, but stainless steel proved

satisfactor]' for the irresent purpose.

Additiona] considerati-ons 1n tire deiermination of electrode size

and spaci-ng are the Cesire for both a u-niforn field betrreen plates and a large

enough includecl- volume t,o give a nean valrre of concentration; that is, the

conCuctivity aeross the gap should not shlft over the fu1l scale during the

passage of a slngle air bubble. Tl.ie i":liforrn f ielC can be besi acirieved by a

large elecirode area and close spacing, vrhile the distribution of th.e random

nixture can be best measured with a larger electrode spacing, giving a vol-rure

that inclucies several bubble thicknesses,

fn addltion to the above conpromises betvreen the electrical and

physical properties, the exploring device nn-rst have suitable hydraulic charac-

teristics. For electrodes, it was proposed to attach two snall, paralle1,

conducting plaies to the enC of a strut, projecting forvrard fron the strut

into the f1ov,r" The plates must be snall enough to give a measllrement over a

very linited region of flow ancl cause a mini-mum of distu-rbance and ;rsf possess

suff ic ient r ig iCity io prevent excessive vibrat ion. (ViUrat ion caused an

une4plairred error Curing the early stages of the development.) The plates

nust be insulated fron everything except the water on the inner su-rfaces and

roust have waterproof leads to them frorii the electrical i.nstruments. Although

a baked-on enamel night be superior, the u-se of General Electric Glyptal was

both e:peditious and satisfactory' for insulation of the plate surfaee.

Tlie strut su-cporting the electrodes was origl-nal}y fashi-oned from

nonconductive raaterials such as well-shel-lacked vroocl ancL Lucite (nigs. 6a and

6b). Althc'rgh ihis neasure "rras taken to insure against any leaks between the

electrodes anC their respeetive electrical leads, it beeame apparent that the

large frontal area of these strut styles caused an undue disturbance in the
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flui.d flow' The final design (fig. 6c) employed a steel plate to give the

desired structural strength anC nlnin'rj-ze the area 'in the path of the flow.

The electrodes and leads were set into Lucite rods attached to tlie plate (tr' ig.

7) in a manner that would assure maintenanee of a high insulation between

the:n. ?he diameter of the Lucite rod attaehed to the bottonn of the stnrt was

nade greater than the thickness of the plate to accon'unodate the ful-l spaci-ng

of the electrodes" This bulb effect proved beneficial generallyto the over-

all flow pattern around the strut by suppressi-ng the surface lrave that formed

at the leading edge.

The usual method of measuring resistance wj-th a TTheatstone bridge

was not satlsfactorT' in the air-entrained streams. fhe wide and very rapi-d

fluctuations of air eontent raade a bridge too difficult to balance at an aver-

age va1ue. A voltmeter-animeter nethod of resistance measurement proved more

workable and had sufficient accuraey for this case, $iith this method the

eonvenience of using a single instrunent to measure both the raean concentra-

tion and the temporal variations j-n aj.r content could be realj-zed without any

loss in accuracy.

Tllith the single instrunent method, a high-ir,pedance voltmeter is

placed across the probes and a precision variable resistor (a General Badio

0-1000-ohn resistance box in l-ohri steps) is placed in series rryith the voltage

source. When this resistor is adjusted so that the voltrneter read.s one-hatf

of the supply voltage, the series resistor will have a value equal to that of

the equivalent irnpedanee of the probes; this impedance is reslstant for all

practical purposes. To simplify the problem, a vol-tneter that will take a

sinrple average of the voltage fluetuation should be used" ?he type of cali-

bration is unlnportant since ratios are used. A BaLlentine JOO was used i-n

this I'aboratory. If a low-impedanee meter is used, shunting rrmst be cornpen-

sated" fhi-s circuit diagram is shown in Fig. p.

A Wheatstone bridge circuit, in conjunction with an osci-l1oseope

with proper isolation transformers, is useful for obtaining approximate nininnrm

and naxirnurn values of concentration, A single oscillator is used to supply

both the horizontal sweep voltage for the oscill-oscope and the energSr to tb.e

Wheatstone brldge. The output of the bridge is connected through an isolation

transformer to the vertical deflection amplifier on the oscilloscope. Under

these ionditions an ellipse will be vislble on the screen which will degenerate

into a horj.zontal strai-ght line at capaci-tive and resistive balance of the
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bri-dge. When thls systen is applied to the case under discussion, the ellipse

will pass rapidly through the many shapes correspon<ling to all resistanee

vblues, ]finjmum ancl naxirrum values of resistance ancl, consequentl-y, concen-

tration can be noted. This cireuit diagran is shovrn in Fig. 5.

An investigation of the equations of resistance as a function of

eoncentration and the curent, voltage, and resistance relationship in the

above voltmeter-ammeter nethod will illustrate a si-nrple means of obtaining a

direct-reading instrument,

fn the following equivalent circuit:

Eo is the supply voltage and Rn is the equivalent resistance of the probes,

R" 5-s any arbitrary series resistance, Eu eeuals the voltage across Ru, En is

the voltage acro$s the probes, I equals the current j-rr the circuit due to E^,

and p ls the fraetion of air to total volume.

f h

I l t = I J - J l [
n n c
.Y

D

v

E T  -  T D
U  -  I J Ls s

-T-

lt:

Y
t

E" '

I
_ t

\ 2  I

the probes and suspending

of the n-ixture between the

where R, is again the initial-

liquid with no air present, and

probes. Substituting

n
t L a

I

H
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I

- + -
H /* "'1
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resistance between

fi. is the resistance
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(5)

Frorn Eq. (5) :-t is seen that if the ratio of Eo to E" 1s 3 at initial

eonditions, the conC.ition R" = Rr/Z wil1 be met. A1so, byEq. (6), Eu varies

linearly urith p. Nolv, if the voltage neter is nade to read fu1I scale on a

0-100 scale when the probes are i-mmersed in water vrithout air, regardless of

the actual voltage measured, the reaCing will be directly in percentage of

water, Furthermore, the average value of a rapidly fluctuating p will be

given by the average value of E".

In the Laboratory a liewlett Packard 200 B osci-llator hbs been used

to give a frequency of [00C cyeles and an output af 7 1/2 volts' The output

ternrinals were shunted with a $O-ohn resistor to gi-ve a more constant output

with varying 1oad. A Tfeston 779 volLmeter was used as ihe indicating instru-

ment. fhe high danping of this instmment made read.ing easJr. A diagram of

the cj-rcuit is shovrn in Fig" 9b.

In general, an isolation transformer must be used if the oscillator

does not have an outpu-t transformer, if one of the output terminals is grounded

or if one of the output transformers iras excessive interwinding capacity. It

is fu,portant that no part of the system is grounded except through the flowing

water and that the measuring system is not exposed to high magnetic or elec-

tri-c fields.

To zero the instrument, a san,ple of water from the flow is collected

in a pail and the probes are i-:rrnersed in it while constant stlrring 1s mairtained.

The meter i-s then set on the 2 A/?-vaLt scale (or any lorv scale) and placed
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across the oscillator terrninal, The output is adjusted to an arbitrary value

readily divisible bi' three. The meier is connected across Bur which is an

ordinary carbon potentiometer, and the value of the reslstance R" is adjusted

until one-tirird the previous value is obtained, It is liaportant that the os-

cillator voltage be maintai-ned constant, With the meter across R"r the os-

cillator output is advanced until the meter read.s fu1l scale. The neter will
then read percentage of water tirnes 100 on the l-volt scale when the probe is
placed in the flow.

Wnen the previously descrj.bed voltmeter-anmeter rnethod or the bridge

method is used, the initial- resis'bance is determined from a sarnple withdrawn

frorn the f1ow. Thea resistance for any other concentration is determined"

The percentage of air is computed from the follow1ng formula:

^  =  { - � - a  i r n n \
f r  

-  
,  T  \ r \ / v , / '( ,  * i t7)

where l, is the ratlo of final to initial resistance or n/et

The n:idpoint of the vertical dimension of the probes has been assumed

to be the point of measured concentration. In regions of rapldly changing

resistanee with depth, this assr:mption must be altered due to d.istortion of

the current flow pattern" However, when the mean concentration readi-ng is

obtained from a series of rapidly changi-ng regions of concentration, such as

are found in self-aerated streams, the use of the midpoint of the vertieal

dj.nrension is again valid.

The several auxiliary electrj-cal instruments may be replaced by a

single cabinet enclosing a fjxed frequency audio oscillator (l+000 cycles)

having an isolated output and good voltage regulation; a high-irnpedancet 3-
volt AC voltnreter with a s)n'unetrical input (to avoid eapacity unbalance of

the neasurlng probes to ground) anri inverted seale; a ganged two-step attenu-

ator (0, Urc); and a meter switch to facilitate a simple zero adjustment of

the meter for initial calibration.

ff. MEASUruMS$T IN HIGI{-VELOCITY FI,C}trS

The variable-slope testing flume at the St" Anthony Fa11s Hydraulic
Laboratory (nigs. 1 and 2) was expressly designed for the study of self-
aeration and air-entrained fl-ows. fhe channel section rms 50 ft long, 1 ft
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wide, and 1O in" deep" The quantity of water flow and the static head at

the fllurne inlet 1r€re c;ortrolled by a gate valve in the supply piping anC a

butterfly-type valve at the inlet to the 50*ft reaeh of open charu:el" With

this arrangemeni, it was possible to jet the incoming wate:" strean at the

aplrroximate terrninal velocity for the set slope and discharge. Thus, there

was litt1e velocitir change over the channel reach and Nhe rnajo:' cirange in the

flovr was Cue to air entrainment. I'or certain fl-ow conditions it was possible

to obtain a relativel;r slable conditj.on of air entrainneni over the last l0

to 15 ft of the open chamel" Such a stable condition was rxed. Curing the

initial testing of the eleclric inslrument a:rd cluring tlie checking .of the

instrument against tlie inechanical sampling device, The test point was estab-

lished at a staticn localee l+3 ft from the inlei gate"

An exhaustive review of the measuring techniques that were tried and

discarded during the development of +.he instrument is not necessary, but the

following srrlnnary of conclitions that seriou.sl;' influenced the concentration

readings 1s presented. Early measurements were ofien i-nfluenced by a channel

cross current which caused a region of separation near the *rposed or inner

surface of one of the electrodes. In addition to more carefu-ily aligning the

probes with the direciion of fl-o'w, it was found advantageous to bend the probes

slightly ouiward so that anlr separation vrould occur on the outer or insulated

face, ?he resulting small contraction of the measured filament had no notice-

able effect on the readi-ngs " tl'lJhen the probes were placed close to the surface

of the flowing mixture, an obviously erroneous reading was induced as the

probes broke the surface, so that the upper haif of ihe probe was noneonducting
'si.hi1e the lower portion retained a eurrent flow character=istic of the particu-

lar mixture. ?he remedyfor this condition wouldbe a reduetion in the dlmen-

sion of the electrode normal t,o the channel boitorn, birt such reduction would

be undesirable becau-se of increased polarlzati-on and eleciric field distri-

bution" ?his effect lirniied the proxinr-i-ty of rneasurenent to the upper sr:rface

of the f1ow" A1so, j-t was found that measurements cl-oser than 0"02 ft from

the channel ualls were influenced by cument deflections by the v,rafls "

As the measureaent of the percent,age of air (Uq. 5] always depend.s

upon the resistance or specif ic resist iv i ty of the suspenCing f luid,  i t  is

i-trperative that this factor be raeasured accurateiy" i,{any 6f the early diffi-

culties with the raethod were traced directly to inaccr:rate readings of initial

liquid reslstance" Attempts to obtain the resj-stance reading of the liquid
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by lowering the probe close to the bottorn. of the fluroe were not successful

because margr flows, especially those at higher veleci-iies and shallow depths,

eontained a high percentage of air at all neasurable leveIs. When a sanple

of water is vithdrarm from ihe f1ow, the entrained air nri11 settle out in a

natter of seconds. If the measurement of liquid resistance is not taken im-

nediately after the air bubbles set'ble out, appreciable errors (mainly a result

of settling artd realignment of microscopi-e, solid particles5 sma1l temperatire

changes, anC d.eposition of gaseous partieles on the electrode faces) are cer-

tain to affect the readings.

The errors caused by electrode vibration have not yet been satis-

f,aetorily enplaineC., but it is possible that sna11 gaseous pockeis were inter-

mittentlS' forned at the inner faces of the eleetrodes, thus causi-::g the observed

overestiroate of air content at that point" Minor changes in the shape and

thickness of the electrodes served. to elirninate the early errors due to vibra-

t ion of the eleetrodes.

The placement of the electrodes below and in front of the supporting

stnrt perrnitted the neasurement of concentration in the flow filanent without

interference of the supporting mechanism, Horryever, the proximity of the elee-

trical j-nstn:rirents and the consideratisn of observer efficiency caused a need

for an eleetrode supporting strueture that would not induce excessive splashing

and spray. The strut pictured in Fig" 6c has desirable electrieal properties

(previous section) and satisfactorily suppressed the splashing and spray forrna-

tion at most of the set positions in the flo'w-" Trlhen the strut nras set so that

the Lucite bulb was at the surface of the high-velocity stream, a considerable

amor:nt of water was deflected outwards in the downstream direction. This

single deficiency was not eonsidered serious enough to wamant further in-

vestigatlon of supporting strut shapes"

The electrical concentration measuring instnrrqent vras checked by

eorparison with readings obtained oa the rnechanical sarpler, as stated pre-

viously. Nearly all of the data from the mechanieal sarpler presented by

Detapp [1] from studies with the air-entrainment channel rrere centerline

traverses of concentratlonat the station l+3 ft from the inlet gate" By ref-

erence to Delappts traverses (vdrictr were checked by several repetitions), it

was possible to ana\rze the reproducibility of measurements with the nechanical

sarrpler, It was then possible to establish several standard profiles of c,:n-

centration that could be used in initial ehecks of the electri-cal instrument"
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T{hen the electrical instru:nent was clevelopeC further, it was necessar}r to

make actual day-to-day' coriiparj-sons of the tmro nethods. Tiris, of cor:rse, $Ias

more tjme consu:ling, but elirninated emors due to sna1l differenees in setting

the slope and discharge of the channel.

The cornparison cf the electrical method w'ith the meehanical sampling

rnethod lvas conducted with several combinations of slope and diseharge ol the

entrained stream. These conr'l:inations agreed with selected initial studies of

the mechanism of entrainnient then i-n progress on ihe steep-gradlent charurel.

In Fig. 10 measured" values of the concentration of air are plotted

against the depth of neasr:reirent for a water discharge of L cfs and a chanrrel

slope of 160" The electrical neasurerents were obtained both before and after

the traverse with the nnechanj-ca1 sampler, and no change :nas maCe in the flow

during the elapsed time. An operator of the electrical instrrrnent set the

probe in the flow and obiaj-ned one traverse. An alternate observer operated

the meehanical j-nstrument. The operat,ors of the instruments Trere changed

during the eourse of the various comparison tests. Figures 11 and 12 are

sinrilar graphs showing ttie comparisons at 2[o and h cfs ana l+ho and ] cfs,

respectively. These particular graphs are representative of a considerable

number of comparison traverses rnade after the final form of the electrical

instrument was developed.

Repeated traverses of the same flow by the electrical nethod, such

as the traverses taken before and after the rnechanical sanrpling traverse in

the above-mentioned conparison runs, exl:ibited a better reproducibility of

measured results than could be obtained with the dlrect mechanical method.

The mechanical method also proved to be more dependent upon operation by a

skilled observer than the electrical method vuhen the results of various opera-

tors were analyssd.

Effective points of measurenent in the plotted- graphs were taken as

the nridpoint of the electrodes and the center of the opening in the nechanical

sanpling tube. The depth rneasurefi]ents were carefu-lly zeroed in ris"ith the bottont

of the chanrrel each tinte the instrulents were placed in position.

V. ANALYSIS OF },{EASUREMENTS

The theoretical development of nq. (5), on wirich electrical measure-

ments depend., vras based on the assumptions of zero conductivity of the sus-

pended air bubbles, spherical-shaped bubbles, and sufficient spaci"ng between
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bubbles to prevent interference of the current l1nes" The first assunption

irnplies that continuous paths of water between the el-ectrodes are nece$salTl

if current 1s to flow. A mixture of air and wat'er in the nist stage (tirat

is, a mixblre where air encloses droplets of water) could not conduct current

or have a potential across the electrodes different frorn air a1one" ?he prob*

able upper linit of air content for the foam s'bage, the st'age where water en-

closes the air masses, is between 5O and J0 per cent, although soap or oi;her

filn-fo:rsing condi-tioners woulcl produce a foam nixture having a higher upper

Iimit. The linit of 60 or 70 per eent was the expected upper lirnii of the

applicability of the developed eleetrlcal nnethod'

The assunp,tion of freedom from mutual interference by neighboring

bubbles at first seemed to be ihe most seltere limitation on the range of alr

contenis measurable b1' s direct application of the theorl'" However, Fricke

and Morse fl+], in their experirnental work with prepared r'r-ixtures of butterfat'

in cream, obtained results within 0.! per cent lp to 62 per cent concentrations

of butterfat.

Exarnination of Figs. 10, 11, and 12 reveals a close agreertent between

the electri-cal and nechanical measurements. t{o signifi-cant differenee between

the results rvas present at an;' of the measured levels of ai-r content, although

the squared deviation of the concentration values obtained by the nechanical

salpler was sli-ghtIy larger than the squared deviation of the electrically

obtained values. A general statistical analysis of varj-ance between the in-

strunents, the depth settings, and the observers serve<l on11. 1s show the de-

pendence of the inechanieal sarnpling method on a carefully trained obser'rer"

Agreernent between the electrical and mechanical samplers ai 1eve1s

of concentration above 60 per cent was not e:<peeted beeause of the supposed

absence of electrlcal conducting paths at these higher concentration 1evels'

Since agreement was obtained, however, an explanationwas sought" By plaei.ng

a slngle probe in the flow near the water snrface and connecting an oseillator

voltage souree between the probe and a ground on the f1ume, a pietr-rre of the

condition of the florri was obtained on an oscilloscope plaeed paral-lel to ihe

probe an6 ground.. A resistor was placed jn series with the oseillator output

to provide a varying voltage with changes in conductivi-ty. Because of the

rapid changes in the 't'vater-air mixtrire as it streamed past the prober it was

necessary to photograph the oscilloscope tube on a moving strip of 35 n::r filat.

This test showed that the flow near ihe surface is composed of alt'ernate slugs
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of nonconducting air and conductj-ng air-water mixtires. ff the indicating
instrument of the electrical rnethod followed the rapid concentration changes
perfectly, its mean reading over a period of time would. yield the true value
of the mean concentration (except for the small quantity of spray and droplets
that night be present in the ai-r pockets and would not be rneasured), fhe
j-ndieati-ng instrunent is an averaging-type voltneter or, more accurately, a

rectilling AC voltmeter. It is apparent that the needle of the meter cannot
follor the rapid fluctuations of voltage (ZA to 100 per sec) fron fu11 voltage
to some lorer value indicative of the instantaneous cument f1ow, but that lt
ri-11 present some average of the varying vol-tages which probably differs fron
the true rPan. The close agreement between the electrically and mechani-calIy

measured values at tlie upper levels of concentrati-on, however, is considered

sufficient proof that the average needle readlng is a satisfactory approxi-
nation to the true mean voltage. ?he mechanlcal sampler j-s noi subject to the

sare €nreraging problems.

The electrj-cal method was used to measure air concentrations as high
as 90 per cent rith good accuraey, as may be seen in Fig" i1" Above this
Ievel, accuracy is not to be expected, The 1ryer of flow near the surface
containing 95 Wr cent or more of air in a stream whose total depth is less
than 6 in. is so thin that the probes will extend through the surface and
erroneoua readings riII be obtained for reasons previously stated"

CONCLUSIONS

In conclusion, the following characteristics and advantages of the
electrical air<oncentration measuri:rg method developed at the St. Antlrony

Fal1s Eydrauli-e Iaboratory rnay be stated:

1. Good accr:racy 1s obtained with ihe electrical method at

all concentration levels to over 90 per cent, as shown by the agree-

rent ritb cata obtained in a meehanical sampler (rigs " 10, 11, and
u ) .

2. fhe electrical instrr:ment ean be used, efficiently to obtain

Dore eonpl-etc ai-r-content traverses of high-velocity, self-aerated

stlpan<r than are nor available from ar.y other method.

3. It is not necessary to use a calibratlon factor with the
electrical reasuring equipment; the mechanicar sarryler data eited
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in the body of the report were used only to verify the results of

the electrical method.

b. The linear relationship between voltage and concentration

nakes it possible to use the electrical instrument in a direct-

reading fo:m independent of graphs and charts"

5. The tine required to obtain an el-ectrlcal measurement of

the air eoncentration at a point in the flow averaged about l0 seconds

during the later phases of ttre developmental r,vork" (It averaged

about JO ninutes with the mechanical rnethod.)

6. By use of a more nrgged strut and supporting strrrctr:re the

instnment could be applied to large flumes and spillways"

Tbe measuring probe finally adopted is shown in Figs. 6c and J, and

the electrical circuit is show: jn Fie. 9b.
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I{ECHANICAL SA}TPI,ER

The following description of

bati-rn from a thesis by Delapp [1]. ?he

I and lr ln vie'n.

the mechanical sampler j-s taken ver-

description should be read with Figs.

nIn order to detennine the ratio of air to water i-n a f1ow, a
saryle of the mixture is contj-nuously drawn off into a closed tank
and after separation the rate of flow of each is deternrined" The
saqrler consists of a brass tube wi-th an jnside diameter of 0.2J-J
in. nounted on a steel plate for rigidity, and held seeurely in the
test chamel rith the open end of the tube pointing upstream" At
points 2 and i+ ln. from the open end of the tube a srnall hole is
drilled through the tube perpendicular to 1ts axls, and copper tub-
lng attached. This tubing 1ed to open manometers so that the pres-
sure at each of these points in the sampler could be determined
during the s:ryli-ng proeess. The purpose of this arrangement was
to indicate the proper rate of sampling so as to result in a minimr:m
of disturbance to the f1ow. Since the pressure drop between the two
gage connections should be the same as between the end of the tube
and tbe first connection, it is evident that by adjusting the rate
of saqling r:nti1 the pressure at the first connectj.on is less than
atnospberie by the anount of difference in pressure between the trrvo
connections, the pressure at the end of the tube should be exactly
atnospheric and no imFact or curvature of the streamlines should
result.

nThe vacuun necessary for drawing off the samples was provided
by three ejectors connected in para11e1. Pipe lines led frorn each
of these and were each provided vrith control valves and were joi-ned
at a comn point before connecting with the sanrpling tube" The
rate of saryIing could thus be varied over a wide range by adjusting
the control valves and ernploying one or more ejectors as needed,
The ejectors were supplied by a centrifugal purp drawing wat,er from
the same closed tank into which the ejectors discharged, so that the
onJ-y rrater added to the systen was that drawn fron the test channel
by the saryler and ejector.

rrAfter discharging into the closed tank the air and water sep-
arated, the latter discharging from the tank through a calibrated
submerged orifice. A partial partition in the closed tank main-
tained a constant head on the pr:np and reduced the t.irne neeessary
for the head on the orifice to become constant when the rate of flow
was changed. Any one of four orifices could be used to di,seharge
the flow fron the tank. These had dianeters of I-fh, :.:n,, 3/B Ln.,
l/2 ::n., and 3/l+ in., allowing accurate metering of discharges rang-
ilg fron 0.0013 to 0.036 cfs. The depth of water in the tank Tras
indicated by an open piezometer,

rrThe air in the sary1e discharged frorn the closed tank through
a l/+-in. diarceter pipe which rras iruanged. to discharge either i-nto
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the atnosphere or into an inverted tube where the rate of air flow
could be reasured volumetrically over the uater" This tube was
transparent plastic and had a diameter of 3 L/B in., a length of
36 in., and a vol-ume of 0.138 cu ft. The rate of air fl-ow was in-
dicated by the time required to fill the tuber deternined by a stop
ratcb accurate to 0.2 second. Graduations near the end of the tube
nade possible the determination of the air volume to the nearest
0.001 cu ft. At the end of each run the air was exhausted frora the
tube and the water replenished by a smal1 auxi11ary line from the
top of the tube to one of the ejectors.tl

A mnber of traverses of air concentration obtained with this sam-

pling instnrment are presented in the thesis. In the current progra^n the

rrater disctrarge from the apparatus was weighed over a set tine interval and

also netered by the aforernentioned orlfice system.


