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[:EIIORANDU: TO CHIEF DESIGNING ENCGINEER
(C. W. Thomas)

Sabject: Progress report on studies of the flow of water in open
channels vwith high gradients.

l. Introduction. The phenomenon of open channcl flow
nas longz been an interesting subject, particularly to the hydraulic
engzineer, and when this flow is in a channel with ~n high gradient
it is fascinating even to = layman. Eapiricrl foriaulas have becn
developed for dotermining the hydraulic properties of an open chan-
rel of relatively low gradionte. Chrnges in existiag formulas and
duvelopacnt of new formulas have rasulted in givin tho engincer
tools with which to design and build structurcs of this type econom-
icelly and with a markoed degree of assurance that the hydraulic op-
cration will be satisfactory. Tho data from which thesc formulas
were derived have bocn extrapolatcd and the results usced for design
of chanrcls with hish gradients. To somc this appcars lozical while
others follow preecdsnt for want of a better proecedurc. There has
bein a conecnsus of opinion' that additional deta arc necessary to
confirm trno formulas used in currcnt practice or from which to de-
w:lop nuw {formulos,

2. Previous work by laboratory section. The subjeoct
a5 been reopered for discussion in the hydravlic laboratory sec-
tion within the past year. The term reopen is used because the
subject was approached previously but was not developed to any great-
extent because of tne urgency of solution of more specific problems.
The subiect was not forgotten and data were collected from time to
time es it presented itself. Tthen the subject was being discussed
rroviously, thras angles to the problemd wore considered:

Is zir pres-nt in the flow and, if so, to what cxtent?

: is tn riechanics by which sir nizht enter the water?
"Iat factors unter inte the reterding of the velocity of
tha channel?
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The resultc of these studleos arn suunarized hriefly. In repgard to
(1), #ir wns nresent iu tie ,low Lut at the location tested the
srount as rmengured by twn dil0 r1+ nethnds was found to Le a very
s..all nercente ¢ of the total 4low. In (2) the mechanics by which
the air enters ths “1lov was neot sntisfactorily explained. A study
f Le Pra-rti's enalysis was wmade. [Iis suggestion is that if a
Iffcrencs in velocity occurs hotween two layers of fluid flowing
pest one ancther, the toundary surface does not remain smooth, but




first assunes a wave form, then curls back on itself and final=-
ly assumes the shape of a vertex. In the case of open channel
flow, where the water surface is in contact with the atmosphere,
these vortices form at the contact plane and carry air into the
water. Turbulence within the flow then distributes the air.
This turbulence was explained by E. W. Lane, then hoad of the
laboratory, to be a factor in the air distribution. Also turbu-
lenoe propagated from the sides and bottoam of the channel wes
instrumental in trapping the air in the wator. ilo states: "As
the water starts down the steep section of a chute, the portion
of it which is not close to the bottom or sides, is rapidly ac-
colerated and soon attains a high velocity. There is a narrow
zone on the bottom and sides, however, in which the velocity
adjacent to the walls and floor is zero and that at the outside
of the zone reaches that of the center section. I.: this narrow
boundary layer thero is, therecfore, a rapid increase in velocity
with inoreasing distance from the side walls, or in other words,
thero is a high volocity gradient. In the side strips thc flow
is very turbulent and air is ontrained, giving the wator a whito
appcerance, * * * * , There is a similar zone in -contact with

the bottam but it is not as apparcnt sinco it is not in contact

with the atmosphere, and air is therefore not entrained. This
boundary layer, both on the bottom and sides, is narrow at the
top of the chute but widens as the water flows down. The water
in the eentral swif't-flo.ing portion hes a relatively smooth sur-

"facejfand the acceleration resulting from moving down the chuto is

ratarded but little by the effect of friction on tho sidos. This

central portion becomes narrower and thinner as tho boundary layer

increasos in thickness, and if the chutc is lon; enough a point
is reachod where tho velocity throughout the entirc. cross-scction
is considerably rctarded by sido friction. ™hen this. point is
roached tho surface bscames rough, since the turbulcnt zone has
extended through to the water surface", Further study in rela-
tion to this phenomenon was advised at that time. Considering -
(8) in regard to factors opposing the flow, first consideration

- wag given to the dimensions and characteristios of the channel.
" Same tests were made in an existing structure and the results

were analyzed on the basis of determining a value of "n" in Man-
ning's formula. The value was found to agree very closely with

- velues previously determined for similar canal lining on flat
- 8slopes. An extensive progrem of tests to determine the flow con-

diticns existing on the face of overfall dams was outlined. Only
a small portion of this program was executed because of more ur-

‘pent work. Friction between the surface of the flow and the at-

mosphere-was knowm to exist and was recognized as a retarding
factor to the velocity of the flow. An outline of tests was

prepared and an ostimate submitted in en effort to scocure authori-
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ration Jor a study to be made to determine if possibile the ma ni-
tude ot the retarding tactore.e The progrom was not approved, uoth
eenuse af Iaclk of interest, but because of lacls o time for the
Imbaratory personnel to couduct it. 8ince the previously deserib-
ed work weas accomplished, snnll enounts of date have boen collect-
cde [uose consist prinarily of personel obsorvations and photo-
sranhs of flow.

3. Scope of currert work. The subjoct has been revived
tecnuse structures now being desipned are of such Droportions that
availnble hydraulic desisn date cannot be applied vrith a reasonable
degpree of assurance that the conditions of flow through the com-
pleted structurce will be entirely seatisi’actory. An investigation
oi the characteristics of flow in open chennels wit: high gredients

il on the face of overfail daas is beinr conducted at the present
“ime to sunplement the available design deta. Those currvent studies
rmav be divided into throe divisions: (1) An extensive study of the
litcrature of this and forcign countries to ascertain the oxtent
of written matcrial availablc on the subject; (2) development work
to ovolve & ricthod of accuratoly neasuriny., high veloelty flow, end

A

(3) 2 rrocram of ficld measurazents on an coxisting structurc,

4. 3tudy of literature, A study of the literature dis-
closed very litile on the subject snd the 2xplanations by the authors
difler rrea*tly. Tie mode ol attack on t'= ~roblem has bezn denlt
vith vrimarily Cror the empirical stand»noint although applied mathe-
rrntical solutions have beenn tried. 1o attempt will be made to [ ive
o lengthy discussion of ihie views of tne diffcrent authors, other
tnan to sayr that cthey may be divided gener-1ly inte two schools of
Thouritte e first groupn are of’ the opinien that +he hydraulic
pronertics of chanels on high gradients may be caiculated by the
use ol it same ornulas as used for determinins tie hirdraulic pro-
nertics of channcls on flat gorades providing of coursc that the
correet valuzs ol fite componcnt parts of the formaulas arc usede.

This procedure essumes the presence ol cir 1o be negligible or its
effect to be included in the friction fector used. The other group
nrefers the hypothesis that water flowing i1 en opea cheimel begins
to absorb or erntrain erir at a velocity wiich is statcd to be be-
tween Geo0 and l4e.8 fect ner secoind dependisri; upon tihe tyne of struc-
ture under coasideration. At nigher veloeities the percentage of
air by volume in the flow may be as much as 80 percent. Due to this
entreiment ¢ air in ti.e flow, the velocity is sonewhat less than
that caleculated by sterde:rad formulas. The aree of the cross section
of the flow is found to be muclh rreater, Alsc tiie presence of air
in the flow with s consequert incresse in internal friction and
decrease in density mey result in s maximu or terminal velocity.
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The exact magnitude of this velocity has not been determined
although one author states, "The maximum velocity heretofore
observed at which a water-air mixture flows in a steep chute is
77.1 feet per second, and that portion of the water-air mixture
occupied by the water amounts to fram 20 to 55 percent of the
total volume". The mrchanics by which this air enters the flow
has not been satisfactorily explained due to lack of sufficient
observetions. Opinidn differs as to the rate of absorption of air.
Regardless of tho mechanics by which the air enters the flow, its
presence in the dischargc is certain to causc a differencc in the
hydraulic properties of the channcl. Many authors rccognize the
proesence of air in the flow but feel that since "n" is a rclative
value of friction it can contain the lossos duc to this air. How-
ever, somc- of thosc cxperimenters £ind a relatively high valuc of
"n" for concrotc on a stccp slopce 8inee the formulas wore in-
tended for use with a valuo of "n" dotermined cxpcrimentelly for
ceach type of material, it does not readily follow that concrete
channel lining placed under similar conditions on a flat slope
should have a roughness factor less than that laid on a steep
slope. The study of the literature may be sumnarized by saying
that the science of flow in open chaunels with high gradients is
en almosty unexplored field. Although it is not a new subject

the difficulties encountered and the number of variables present
in such flow conditions have greatly retarded the progress toward
a comprehensive analysis of the problem, Also the formulas devel=-
oped by the older experimonters have grown into very gcneral usage
and have been accopted as standard. This condition rcnders the
propagation of any new formulas or method of attack difficult.
During the time that thc problem has bocn considered, convorsntion
with many design, construction and oncrating cngincors discloscd
that at various times somc ficld measurcments have been attempted
but. due to lack of suitable equipment, difficulties encountered

in conducting the tests, and apparent discrepancies, the results
have not been published. A much better conception of the subject
could probably be obtained if this condition did not exist.

S5« Flow on the face of an overfall dam. Water flowing
dovm the face of a high overfall dam is a form of open channel
flow, yet practically nothing is known of the conditions that
exist in this type of flow. Only recontly have structurcs been
built to such heipght that this problem has become manifest. The
design of these structures has been based on precedence establish-
od by lower structures and by model studies of the contemplated
designe. The height of overfall dams has increased until it may not
be considered sound practice to extrapolate the known facts further.
There are no empirical formulas which may be used to determine ac-
curately the qualities of the flow on the face of hirsh overfall

~dems. This circumstance exists beceuse therc have been no struc-

tures from which to obtain the datn necessary for cvolvirng such
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formulas. Even if structures had been available, it is doubtful
if any large amount of data could have been collected due to the
intermittent operation and the extreme conditions under which the
data would have to he obtained. To what extent data obtained from
flow in open channels with relatively narrow section is applicable
td flow conditions on the face of an overfall dem is purely a mat-
ter of conjecturc. The efficacy of this data can be determined
only by the conduct of tests on an existing structure whose dimen-
sions aro within the range of theo proposed structures. This may
not bc possible for a period of time becauso of the¢ aforermentioned
deficicney of structuress In the meantimo a corrclation of presont
cate snd a study of existing structurcs that approach thc sizo of
contomplatoed dcsigns is very desirable.

6. Limitations of current methods of mecsuring high-
velocity flow. Some of the early experiments have failed complete-
1 and others were incomrlete or questionable because of the equip-
ment or methods used in obtaining the data. Accurate measurements
of velocity and elevation of water surface are necessary to proper-
1+ analyze f{low conditions in chsnnels and the means employed to
secure these measurements must be reliable. The current meter has
been renerally adopted in this country for use in meesuring low
velocities. The nitot tube has found general use in measuring the
hisher velocities.s Erch of these two instruments requirc calibra-
tion beforc usinge This celibration must be conducted under con-
ditions similar to thosc for which it is intended to be used.

The degree of accuracy of the results depends upon the care exer-
cised in the calibration. ™With these thoughts in mind the planning
of n series of field measurements necessitated a carceful choice of
methods and equipmont. *Water flowing at hijh veloeity, even in
rcletively small quantities, presents a rather unruly mass to handle.
The kinetic e¢nergy of this mass is great, consequently any cquip=-
rient thet is used must be designed to withstand soverce action,
Bquipment designed for field usc must be compact and posscss a do-
“ruz of rortabilitye It must be mnde such that a minimum of com=-
ponent parts are emnloved which are easily accessible and may be
repaired with a small amount of equimment and under field conditions.
T:e nrinciples upon which the equirment functions must be basically
sound Aand the technique emploved in handling it must be such that

a maximum return is gained from a minimum of effort and tine. The
usc of comncreial currcnt meters in high velocity 7low is not prac-
ticelse They would not withstand the abuse to which they would be
cxposcds Cpeeinl tyncs of rmetors have been developed to mect ceors
tein requiriawents and still others mirht be cvolved. ‘lorce it poss-
ible: to obtrir a sturdy inctruaunt, it is still nccessary to obtain
= rating. Au hns becn said before ti.e accuracy of tiie instrument
cenends upon ithe derree of care exercised during tiie calibration ’
snd upon the similarity of conditions under which the instrument

is rerted nnd those oexisting where it will be used. The latter of
thcse two requirsments is hard to mcet. Sincc certain experi-
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menters have found air present in high velocity flow it was
reasonable to expect that that condition does exist. The extent
and distribution of the air became part of the problem. It was
obvibus that existing conditions could not be foretold nor dup-
licated. The rating obtained for a properly designed current
meter or pitot tube, although carefully made, may not be applicablec
to field conditions if methods in current use are followed. By
meoethods in current uso is moant the practice of moving the instru-
mont through still water at a known rate of speeds This mothod

is not basically wrong but tho fallacy lies in thc fact that tho
still water would normally be devoid of air. Tho wator would have
a donsity somewhat above that of a water-air mixture depcnding

of ocourse upon tho porcentage of air present. Sinec this pcrcont-
age is not known it is impossiblc to corrcet for thec diffcrenco

in density and hence tho rating will bo in orror. Furthcrmore,

in theo caso of a pitot tube tho presence of air in the flow is a
source of annoyance and unless extreme care is exercised air may
trap in the leads or in the instrument and cause erroneous readin:s.
Another factor that must be considered is what effect, if any, the
turbulent water found in high velocity flow will have upon the
accuracy of the instrument. It is not logical to expect exactly
the seame results as those obtained in quiet water where streamline
flow past the instrument prevails. The introduction of color into
the flow and a measurcment of the time required for tho passage

of the color between two or more points, separated by known dis-
tances, has been useds This mothod is not entirely satisfactory
because of the error introduced in the time measurement and the
diffioculty of the human eye to detect the exact boundary of the
colored mass. In very turbulent water where the surface is mixed
with-air, the flow appears very white and the presence of spray
above the surface renders it almost impossible to see any foreign
body in the flow. Users of this method report inconsistencies in
the results. Timing surface or sub-surface floats over a known
reach of channel, chemical titration, impact devices, electrical
dissipation from a hot wire in the flow, traveling screen, and

in olosed conduits, a salt-velocity method of measuring discharge
have beén used. All, except the latter, were considered impractical
for the type of flow to be measured. '

: , 7. The salt-velocity methode The salt-velocity method

- has been used extensively. in determining the flow througch power
" penstocks in turbine acceptance tests. A test technique and meth-
od of analysis have been fairly well perfected. In closed conduit
studies, the method consists of the introduction of a brine solution
into the conduit by a quick-acting pop valve. The time is recorded
at the time this valve opens. The brine solution is carried down-




stream in the farm of a cloud within the flows. At a sclected
station dowvmstrean two eclectrodes are placed near the center of
the conduit and connected to an clectromotive force. An ammecter is
included in the circuit. As the brine cloud passes tie station,
the flow of curront between the two electrodes is incroased due to
the presence of brine in the water. The time at which the brine
cloud passes the clectrode stetion is recorded. By carcfully de-
termining the volume of the conduit betwesn the point of introduc-
tion of the brinc and the clectrode station, and the clapscd time
of travel from the valve to the cloctrodc, the discharge per unit
of time may bo determinecd. If the voloeitics in the conduit are
rclatively low or the distance botween pop valve and clectrode is
sufficient, the measurcement of time may be made with an accuratc
stop watch. ‘Hdowcver, if hich vclocities are cncowitercd or short
rvaches arc used, the accuracy of the flow mecasurcment dcepends
largely upon the timing element employed., A careful study of this
metiiod and the results obtained throurh its use led to the belief
thet tiie general principles involved could be applied to velocity
measurement in open channel flow. The technique employed ir the
application must necessarily be different, Since the presence of
air in open chanmnel flow is evident, it was not advisable to use
the niethod as a means of measuring discharge., }oreover, the volume
occupied by the flow in an open channel may vary between wide limits
depending upon the velocity and discharge. In a closed conduit one
variable is eliminated since the volume rc¢mains constant. The por-
tion of tho method applyin: to velocity measurcment, with certain
changes in tochnique, scumod cqually apolicable to open or closed
conduits,

8. Initial tests in laboratory. A technique applicable
to oven chamnel flow and equipment to execute the tests was necess-
ary before any field measuremernts could be attempted. This devel-
opient was started in the laboratory., In ad “ition to measuring the
velocity, it is necessary to secure water-surface messurements in
the channel for computing eair content and energy gradient. Some
satisfactory means of obtaining these nmoasurements was also sougzht.
It wes found that the technical section of the Denver office was
constructing an oscillograph and this instrumcent would be available
for use as a time-measuring device almost as soon as other equip-
ment could be assembled for starting the tests. A hydraulic model
of a chute on the Sun River project, lontana, was being tested
in the laboratory. The chute has a cross section of approximate-
ly € inches deep by 9} inches wide. Velocities in this model
were from ten to fiftcen feet per second and the section was of
sufiicient length to pzrmit preliminary investization of the mathod.
Coprer clectrodes were fastened to the inside of thic chute and
wirc leads carricd to a cenvenicnt locetion for the oscillograph.,
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The electrodes used ranged in width from 1/4 inch to 3/4 inch
and were spaced from six inches to two feet apart, measured
parallel to the center line of the ochute. Two electrodes were

.used at each point, one on each side of the flume., The original

strips.extended from the floor to the top of the sides but some

of- these were later shortened to extend only part way up the

sides in order that they would not project above the water sur-
face., Others were extendod part way across the floor and up the
sidos. Electrodes werc later made by using No. 7 flathcad, bdbrass,
wood serews with only theo ‘surfaco of tho head exposed to the flow.

9. Description of the oscillograph. The oscillograph
used consisted essentially of three moving coil galvanometers, an
optical system, and a motor-driven cemera. The current supply
for the fields of the galvanometers was derived from a six-volt
storage battery and the moving coils were excited from dry cell
batteriesin the test cirocuit. The vibration of the moving coils
was deamped by oil, The optical system employed two small flash
light bulbs as light sources, a ¢ylindrical lens to reduce the
light supply to a. horizontel band, three small cylindrical len-
ses (ono in front of cach galvanomcter) to focus the horizontal
band on tiny mirrors fastenod to the moving coils of the gelvenom-
‘ctors and to change thoe reflectcd bandg to vertical bands, and
a cylindrical lcns to focus the vortical bands ss points on the

film in thc camcra. The camera was belt-driven by a six-volt

shunt motor, The rccord was madc on standard o. 122 camcra film
in 37-inch lengths, wound on daylight loading spools. One length
wes usod for cech rceorde The film was drewn through the camere
at right angles to the vibrating light beam.

10. Laboratory procedure. Two pairs of electrodes were
separately connected by wiring systems to two of the galvanometers
in the oscillograph. The third galvanometer was connected to the
110-volt, 60-cycle, A. C. light supply to provide a time base on
the record film. The power supply to operate the palvanometers
included one or two dry cell batteries, depending upon the base
current needed, and the circuits werc closed by the water between
the electrodes. After all circuits were properly balenced the
camera was started and sslt solution .dumped from glass cortaincrs
into thc flowe A saturated solution was uscd and the amount in-
troduced varied during the tests from one-fourth pint to one quart.
It was usually introduced at tne unper end of the flume but in
some instances the introduction was made close to the first set
of eleetrodes. From three to iI'ive measures of brine could be
emptied into the flow during tie ten seconds required for the film
to nas: through the eamcra.




11. Results of initiel labor=atory tests. Since tie
oscillogranvh was arranzed to rrovide visual observ: tio ., very
fewr film records were nede. Tne tipe of electrodes, the nunber
of dr+ cells necessar;y in the circuit, tie amowrt oi' salt, and
the point of induction were studied visunlly on the ground (lass
of the oscillosraph. "T:en the test circuit was counected to tie
oscillosrraph the zslvenometers registered s base deflection due
to tie passege of some current “rrough the flowing water. The
amour:t of this cur:rent wes dependent upon the arca of the electrode
cxposcd to the watcr and the amount of cleetromotive forec supilicd
b the dr eell battcrics. As the brinc solution vasscd between
T “l :ctrodcs, th. conductivity of thie water was inerensed and
tho flow of currunt inercascd. Too windings in ti.. galvenomctors
vrere celeulated to sive n deflection of the li-ht “ean on the fila
~{ ore inch cer five milliemperes change irn curvent. The base cur-
rent emounted to from one to three millinmperes and during the
nassage of the brine was lacreased tn apiroximntely eight milliem-
reres. o instantly resnonding movins enil  elvar ometer and the

nntica: s . ste. ~roduced ~ current-tine recors on the film, in wuich
“igtence nlon  t.e filn: was vropaional to time; and the deflec-
2ion ol tho tesn of 19eht was -roportionnl to tie instr ntancous
velue of curie passing throushl the calwvenoneter "'brator. The
record ' Toosuc, an alra.;emont is s long thet it is not
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PLATE 1

A, Oscillogram from Sun Rlver chute model.

B. Oscillogram from 45-degree laboratory chute,

C. Oscillogram from Kittitas Wasteway.



or bottom of the flume would give satisfactorv results. The area

of electrode was immaterial since it was necessary to balance the
currert at tihe instrunent before each test, usin; one, two or

three 13-volt dry batteries. The amount «f salt nccessary to pro-
duce a lezible defleetion was dotermined by trial. The quantity

of salt solution influcnced the deflection »roduccd in two wayse

The maximum dcfleetion was increasod by an incressc in sslt solu-
tion and the curves extended over a greator clapscd tince Too

rreat e defleetion causcd the curve to swing bevond the cd; o of

the film and n execessive time intervel nacde the ealeulations diffi-
cult. By dutermining the corrvet amount of brine nrd by dwsping

it into tih flow quickly very resdable curves worc obteined. The
length of flume being uscd made it possible to introducce the brinc
at the upper end. The cloud was carried throush the {luae with very
little elongation.

12, Laboratory tests of high velocity flow. A technique
necessary to secure and interpret the records olLtaired by this meth-
od of measurin:-: velocity was developed for the low-velocity flume.
To oxpand this tochnique, a wooden flume was constructed on a 45-
degroc slopee This flume was 9.6 inches wide by 10,5 inches deep,
insidc dimensionse The lensth was 17 foot Zi-inchus, mcasurcd a-
long the slopce The water was delivered to the flume by a 12-inch
contrifugel pump and was admittcd to the flume under pressure from
a rounded-edge slide gate. The meximum discharce of 8, second-feet
produced velocities of aprproximately 50 fcet per second. The elec-
trodes installod in this flumc were -inch brass disks, placed
flush with the inside surace of the chutu. 1'iic sets (two disks
per sct) were placed in the floor of thc chutc, 18 inches butwcen
scts, mcasurcd along the center linc of the floor. WNine scts of
cloctrodos worc placed in the sides of tii chute at the same spec-
ing and in line with the bottom electrodes. Tiie leads from the
electrodes were carried to a central switchboard at: the oscillo-
i{raphe The connection from the board to the instrument was r.ade
by short leads fitted with tip jacks. The brine was introdueed
into the flow from & pressure tank with un outlet immediately
dowvnstream from the slide gate and controllcd by a quick-act-
ing valve., The introduction was made at tha surface of the flow.
The technique followed during these tests was essentially the
sameé as that in the low-velocit:r chute. Three additional ele-
ments installed in the oscillozraph made it possible to measure
the velocity over longer reaches and to trace the action of the
_salt cloud through a greater distance. The base current through
the circuits was found to be slightly less than that in the low-
velocity chute, probably duc to thc relatively small clcetrodc
arca, hcnece a largor amount of brinc was necessary to producc a
suitable record. The brine could be introduced more rapidly with
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¢he quicu-acting valve so the initial cloud in the flow was evident-
ly quite similar to the cloud in the low-velocity chute. liowever,
there was more elongation as it passed down the chute which wns ex-
pected since the turbulence in the flow was greater and high veloc-
ities prevailed. tHear the closc of the test program finely ground
salt was usced instead of a brinc solution. The cloud, as register-
cd by a milliammeter, was slightly lounger than the brine cloud but
vins vory little greater in concentratione. Evidently the highly
turbulunt flow dissolved the salt rapidly and distributed it through-
out the cross section in a short distance. Although it increased
the worli necessary in making an aunalyis of the oscillogram curves,
this =wethed was considered more desirable becsuse of the simple
man:ier in which the powder could be introduced into the flows Since
the method was being develoved for field use, simplicity of equip-
nent was essential.

13. Results of laboratory tests of high-velocity flow,
The series of tests although not extensive led to some definite
conclusions., Oscillograms produced were easy to interpret (plate 1),
Te brine cloud was carried the length of the flume in a sufficient-
ly compact mass to rive gnod results. The results obtained from the
electrodes placed in the side of the chute checked those from the
botton: electrodes so closcly that there was ro evidence of disagroc-
ment. This indicated that the brine was well distributed through-
out the cross scction and the cquipment cmployed was sensitive to
tho presence of the brine rogardless of the location of the <lce-
trodes. !Measuremnents of velocity by the use of either side or bot-
tom clectrodes checked the calculated velocity within one percents
The velocity was calculated by the formula V = Q/A, where V is vel-
ocity in feet per second; Q, discharme in cubic feet per sccond,
and A, srea of the cross section in squarc fect., The discharge was
neasurcd over the calibrated laboratory weir and the arca of the
cross scction was carefully meassured at the gate. The oscillograms
obteined from this chute showed & persistent pulsation in the base
current. This pulsation was not periodic and the resulting de-
flections were not of equal magnitude. Several explanations were
offerecd for this occurrence, It was very possible that splash from
the flow wet the insulation of the wire leads end caused a part of
the leads to act as 2lectrodes intermittently. Visual observations
of flow conditions, however, showed pulsations in the flow itself,
There appeared to be regions of high-velocity water separated by
regions of lower velocity. These flow pulsations were evidently
reflected in *the photogrephic record. Velocity determined from
the filmn by using these minor dellections of eurrent gave consis-
tent results wihen compared with the deflections caused by the nass-
age of salt., For the purpose of making field mensuraments, it was
concluded that ¢lcctrodes, if installed in = structure at the time of
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its erection should consist of small -plates embedded flush with
the interior surface of the channel., The wire leads could then
be carried through the walls and to some suitable location for
the recording equipment. If, however, the electrodes are for in-
stallation 'in an existing structure, they should consist of metal
strips securely anchored to the side walls in such a manner that
they would offer a minimum resistanco to the flow, They should
be installcd perpendicular to the floor of the chute and be of
sufficient longth to cxtond above maximum water surfece so the wire
load could be attached to thc uppur end. Thc distancc that the
cloetrodes should bo separated, cither longitudinelly or trans-
vorsoly, would nocessarily depond upon the scetion to be tosted.
- From the rosults obtaincd in thc small chute, it was concludcd
that finoly divided dry or moist salt would dissolwve in thc tur-
bulent flow very rapidly and would be satisfactory for use in
the field, Some development work was done to secure a means of
accurately determining the water surface in extremely turbulent
flow. The basic principles applied appeared to be satisfactory
but insufficient time negated the completion of equipment suit-
able for field use.

14, Tests on Kittitas wasteway. A program of field
measurements was initiated to further develon the method of meas-
uring high-velocity flow and to secure date for the design of
the flood spillway for Shasta Dam. After considering the dimen-
sions of existing structures and tne possibility of operating
them conveniently, the wasteway at station 1146430 on the Kittitaco
Main Canal - Kittitas Division - Yakima Project - Washington, was
selected as suiteble for initial testing (plate 2). In this struc-
ture there is a drop of 340.5 feet in a horizontal distance of
1213 feet. All but a small fraction of a foot of this fall oc-
curred in a horizountal distence of 1135 fect. A plan and section
of the wasteway isshown in figure 1, *Jith two bottor slopes
available for testing in the seme structure, the opportunity of
securing considerable data with but a single installation was
advantageous. Details of the test program were arranged by
correspondence between the Denver office snd the project office.
In order to expedite the tests twenty sets of electrodes were
installed in the chute under the direction of the rroject super-
intendent prior to the actual initiation of the tests. The loca-
tion of the electrodes is shown on figure 1. The sets of eclec-
trodes were nunbered consccutivcly dovm the wastewry. It was
considered advisable to install the pairs of clectrodes at the
two differcent intcrvels bccausce of the wnccertainty of the stability
of the salt cloud. Should the dispcrsion occur quitc rapidly the
10-foot rcaches could be used to determine the velocity although
the 90, 100, or 110 foot rcachcs would bec preferable, i the dis-
persion should be sufficintly sinall, because the pcreentage of
crror in rcading the time would bz lesse Tho sctual distanccs
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PLATE 2

A, Upper sectlon of wasteway. Looking downstream,

B. Lower sectlon of wasteway. Looklng downstream.
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between pairs of electrodes were measured after the installation.

The wirin~ system differed slightly from that used in the laboratory.
All electrodes on the left side of the wasteway were connected in
series by a single irsulated wire leadin; to tho switchboard at the
oscillograph., A separate insulatcd lead counceted cach of the elece-
trodes on the oppositc side of the structure to the board. The dry
ccll battcerics were introduced botween the svritchboard and the os-
cillograph.

15, Velocity measurements., The oscillograph used in the
laboratory was used for making the tests in the field (plate 3=8).
The only change in the instrument was the addition of an electrically
driven, 50-cycle tuning fork to provide e time base. The vibratious
of the tuning fork were recorded on the film by connecting onc of
the gelvanometers in the tuning fork eircuit. The remaining five
clencnts were availablc for conncetion teo the clectrodese. Data wero
obteincd from ten discherzcs ranging from 89 to 1C05 sccond-feute
Thie eircuits ernd clenents were adjusted until the light beams would
r.gister the tracc of the current on the {ilme. T'lour salt, of o
fincn~ss to pass & 140-mcsh sicve, wes moistoned until the particlcs
would cohcre whan moldud by hand into basllse The size of the ball
nceessary for satisfactory rogistretion on the film was determincd
by trial &nd orror. “Thaicn ncasuring veloeitics over o rcach of 200
feet with the loser discharges, bells two inclice in dinmeter werc
sufficient. For lon;er reaches or larger discharges, the size of
the balls was increased. At the maximum discharge, with veloci-
ties reasured over & 400-foot reach, the diameter of the ball was
rpproximately sevenr inches. After the balls werc formed, the record-
irz apparatus was sct in motion. The balls were then tossed into
t.¢ flow a short distance upstream from the test rcache The number
of balls used vericd from onc to five. Or short sections five salt
brlls wcrce used for a singlc film rcecord. t was i'ound that all
tne balls did not record because of the relatively short film, so the
rnwrber was reduced to two for short reaches and a single ball for
tie longer reaches. Gince only five galvanometer eloments were avail-
able, five records were necessary to cover the cntirc length of the
flwae &t cnch discharge., The first five scts of cluctrodes viere:

conriccted for the first rccord; the ncxt fiv.. scts for *the sccord,
For all tests, oxcent the [irst three

i -

wnd 2o on dovm the wastoway,
“iccharges, one record was made with electroces 1, 2, 5, 7, and U
15, and 20 con-

-

conneeted and ancther witih, e2lectrodes 12, 14, 13,
rected. It wes found that Y introducing one large bell of selt,
the cloud carriszd over the lornzer distance in ample tine and in a
suf ‘iciently coupeet cloud to ive a legible record. In fact visual
~millismmoter showed that tlic salt was cearrying

observ tions with a
L wnstewey 1mom suificicnt concentration to

the full len th or
produce records.  lowever, tho cloud was grantly clongated.
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PLATE 3

A. Polnt gage used for obtalning depth of flow,

B. Osclllograph.



16. Depth :.easurcnents. lMeasurenents of the water surface
were made with a p01nt cace (plate 3-A). Ten cross sections were
measured, one at the mid-point of each of the ten-foot electrode
stations (figure 1). Nine observations approximately one foot apart,
were made at each cross section. This same procedure was followed

hrourhout except at the lhigher discharges when excessive spray made
it necessary to abandon the first station below the convex vertical
curve. At the maximum discharge, it was necessary to also abandon the
second station below the curve. After the tests werc comploted, the
width of the channel at each station was carefully measured. Foint
cage readings of the bottom of the channel were taken with the same
instrument and &t the sane locations at which the water surface ob-
servotions were made. The depth and area of cross section occupied
by the flow was calculated from these measuremonts.

17, Discharge measurements. The discharge through the
wasteway wes determined by gaging the flow in the main canal with
e current meter. During the r~reater part of thie tests, the totel
flow of the canal was diverted into the westeway. For this condi-
tion only one saging station, located above the wasteway turnout
was necessary. The remainder of the time sone water iras passed down
the canal for irrigation purposes. A gaging station located in the
mein canal downstream from the turnout was used to obtain the quanti-
tr passinge The differcence in discharge as mcasured at the two gag-
ing stations was used as the quantity passing through the wastoway.
The current-meoter measurenents for each test were mede simultancously
with the velocity and point sage meesurcments. An cxpericnced hydrog-
rapher from tho projcct office made 2ll the current-mcter mmeasurc- '
ments. Steandofd curront meter practicc was cmploycd end carc ves tak-
cn to attein e high degrec of accuracy.

18. Photographs. Photographs were made of the flow condi-
tions for each discharge and a number of these are included in this
revort. Sixteen millimeter motion pictures were made of all discharges.

‘ost of these pictures were taken with the camere operating at four
times normal speed, or 64 frames per second. “'hen projected at normal
speed, the action is shown at one-fourth the actual rate of motion.
Since the action of the surface water was oxtremcly rapid, this degree
of slow-motion permits a much more thorough observation of its char-
acteristics than is ‘possiblc otherwisoe. An ultra-high spced camera
would have made p0531b1e a much more detailed obsorvation. The spocd
used was the maximum for the cemera employode The films are filed
in the hydraulic laboratory and are available for review. The motion

~picturos arc considercd a vory veluable part of the data collected

becausc thoy verify cortain actions thst could otherwise only be
assumed as truc bocause of tho deficieney of tho human cye to sec
rapid motion.
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19, Results of depth measurements. The results of the
tests on the wasteway are given in tabular form. The observed
" depths of flow are given in table 1. The table consists of ten
divisions, each division showing the properties of one of the
sections observed, (figure 1). In the first column of each divis-
ion is given the discharge as measured in the main canal during the
time the depth obscrvations werc being made. The next nine columns
five the actual observed depths of flow in feoct at distances from
the left side wall. In the column headcd mean depth, the average
of the nine rcadings across the section is given. The next column
(flow arca) gives the area of tho cross scction of flow. This is the
oroduct of the depth.given in the preccding column and the average
vidth of the chauncl as mcasurcd. This arca is corrvcted for the cross-
scctionel arca of fillets between the sides and bottom of the chan-
ncl. The last two columns show thc wetted perimeter and hydraulic
rodius as calculated from the preceding valucs. All obscrved dopths
have been included in the tabl to show thc consisteoney of thc rosultse.
The choppy water surfacc and the large amount o1r spray rendered it
difficult to detirmine whore the point of tho gage should be to give
a roading that would be indicative of the amctual depth of flowe. The
surface conditions also made it dif:icult to observe the point of the
gage. The depth of flow was considered to be at the base of the
loosely flying spray and drops of water. The top of the main portion
of the flow included numerous small waves or rollers. The water
denths given in the table are approximate mean values between the
crest of the waves and the troughs between them. The vibration of
the point gage was relied upon more than visual observation to insure
that the point was at relatively the same position in the flow for
successive readings. Two factors may be obscrved in the depth moas-
urcmonts as given in the tablec. (1) For the high discharges, the
wave due to entrance conditions (plate 4) was reflected in the point
gage readings at station 1-2 and 3-4, This wave was not observed
bevond that point. (2) The water surface at the sides of the chute
was hisher than that in the central portion (plate 5). For the
higher discharges, this high portion extended slightly over e foot
from each wall and was as much as 0,4 foot iiigher then the central
nortion of the flow. For this resson, observetion of depth by staff
gazes fastened to the walls of such a structure would be in error.
For the two lower discharges, well-developed traveling waves were
persistent in the flow, particularly on the steep slope. They were
not obvious in the higher flows. hese waves formcd in the upper
transition section and increbhsed in magnitude and velocity as they
prorressed down thc chute (plate 3-£). They are the type of wave
observed in numcrous structures at low discharpges and have becn re-
ferred to by somc authors as "slugs" or "balls" of watcr. Some in-
tercsting obscrvations were made in rcgard to thesc waves. Although
25 waves wrere obscrved to pass cloactrode no. 18 in 50.€ scconds with
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Loy 1.50 145 1.38 1424 1.10 143 1,55 1,51 1% 1,42 1123 10,50 1.07
L9 2,21 2,08 1,09 1,60 1.2 1,57 1,92 2.25 2422 1.92 15.20 11,50 1.32
STATION 13 ~ 1L )
193 1,22 111 106 1,12 121 1,18 1.13 113 111 lak 9.0 9499 0,90 "
3R 173 177 1450 1055 1060 1055 1056 1665 1478 1,63 12,90 10,97 1.18
Loy 173 156 1450 146 156 1035 1,36 1.7 1.73 1.5 12.27 10,61 L
5 2,26 2:15 1oT5 180 181 177 1,72 2,08 2,25 1495 15.l4 11.4 1,33
587 2.25 2,37 1,87 1.87 1.89 1.87 1.89 2.05 2035 2,05 16.23 11.81 137
ns 2,62 2.1 2,09 1,89 1.93 183 2,10 232 2.39 2,18 17.26 12,07 143
™ 2.3 2,57 247 2.16 2.10 2,16 2,30 2,42 2,45 2.3518.6 12.1a 1,50
%2 2,81 266 2R 2.R - - - - -« 2,63 20,83 12,97 1.60
STATICE 15 - 16 B
193 109 121 111 12 121 1,06 115 1.23 117 115 9.06 10.02 0,90
362 167  1eT2 155 1656 1066 1453 148 1,75 1.76 1.63 12,85 10,98 117
41 148 1,58 145 1663 1.54 142 140 1,58 154 1.51 11.90 10,74 111
1) 193 1,98 1,74 1,86 1,87 1667 1.T2 199 1,90 1,85 14,59 112 1,28
567 2,13 2.1 1R 2,07 2,05 1,98 1,90 2,15 2.08,2.04 16.09 11,80 1.36
n9 2029 2,29 2,13 2,07 2427 2416 2,16 234 2036 2423 17.% 12,18 104
T 281 2.8 220 236 2.6 231 2.35 2.67 262 246 1340 126 153 |
922 2460 2,87 2,63 2. 2466 2465 2.65 2,80 2,87 2,73 21,54 13418 1.63 ’
1005 3.03 285 - = - - - - - 2.9 23,20 13,60 1.71
L4
STATION 17 = 18 .
36 150 145 116 1,50 1.5 1.5 1.54 1.5 1.58 1,53 12.04 10,75 1,12
Lo 149 246 248 1.5 1,54 148 141 LL4B 1LS5 1.8 11.64 10,65 1,074 ~v -
')} 1490 1,83 1,80 1,83 1,91 1.82 1.683 1,84 1,95 1,84 L9 11.37 .27
2,06 2,20 2.25 2017 2.2L 2,15 2.15 2,27 2.47 2.22 17.48 12.13 1k
n9 2A1 2.7 2.43 2,26 2,35 2,38 2.37 2,UB 2,66 2.39 18.82 12,47 1.51
m 2,61 2,70 2,70 2,59 2.68 259 2L 2.9 2,76 2,62 20,64 12.93 1.60
922 2,7h 2,84 3,02 2,97 2,54 2,94 2.85 2.91 2.95 2.51 22.93 13.51 1.70
1005 2,60 2,91 2,99 3.04 3,13 2,93 2,96 2,72 2.7Y 2.51 22,93 13.5 .70
STATION 19 = 20
IR 159 157 154 1632 1ol 138 145 1.52 1,56 1.51 12.02 10,60 1,11
Lol 10 1.8 1,50 146 141 142 1411 1,20 1,50 140 110k 10.58 1.05
'8 1692 179 173 1463 1e66 1.68 1,74 2,01 1,99 1,80 14,33 11,38 1.26,
87 2433 2,09 2,16 2.12 1,90 1.95 1.87 2,09 205 2,06 16,41 11.90 1.38
n9 2,56 2,42 2.32 2,27 2.25 2.25 2.18 2.27 2.L6 2.33 18,56 12.44 1.L9
m 2,57 2.64 2,67 2,63 2.56° 2.8 2,59 2,69 2,9 2.6 20.80 13,00 1.60
1005 2,95 2,96 2.96 2,88 3,00 2,84 2,83 2,80 2,77 2.89 23.03 13,56 1.70



PLATE 4

A. Wasteway entrance. Discharge 922 second-feet,

B. Wave in upper section of wasteway caused
by entrance condition. Dlscharge 922 second-feet,



PLATE &

A. Flow conditions on 10°-12! slope. Discharge 777 second-feet.

B. Flow conditions on 33°-10! slope. Discharge 922 second-feet



a discharge of 193 second-feet, they were not periodic. At times
two would pass in one second and then a lapse of two or more seconds
would occur before another was observed. The average rate of occur-
ronce of these waves at electrode no, 20 for the same discharge was
one overy l.6 seconds. Observation and study of the motion picturos
showed that the velocity of these waves was considcrably grceater than
thic velocity of the intcrmediatc wator (plate 7-A & B). - Tho front

of thc wavc was noerly vertieal, -vhile thoe back had 2 long slope that
cxtended almost to the front of tho succceding vrave. The wave front
~res almost e straight linc perpendicular to the dircction of flow.

he cause of the waves was not definitely observed but the conclus-
ions are that the friction in the fluid being less than that between
tlie fluid and the solid chute caused the upper part of the flow to
slide over the lower part and thus attain a higher velocity. This
high volocity water overtalzes the water flowing at a lower vclocity
and tends to pile up forming -vavos. lic mochanics of thiese waves

is similar to that of = hjdraullc jumpe Thz waves madc it difficult
to gzt an average depth of flow for tihe discharges at +vhich they
occurrcd. Obscrvetions wurg made et the crost of the wave and at

en intcrrnizdiate point and the mcan of thosc roedings considcered es
the depth of flowe Obscrvetions of depth for the 89 sccond-foot
dischar:c have beon omitted from the teble except for the upper tuvo
strtions. Tic mngnitude nnd ratce of occurrcnce of the weves ot
" stetions ferther dovm the cuenr:l rondercd the obscorveitions doubtful,
It will also be noted that the data is not complete for stations
11-12, 13-14, 15-16., As has been mentioned before, adverse conditions
due to spray negated completion of the data (plate 6).

20. Results of velocity measurements. The velocities as
celculated from the oscillosrams and measurements made in the waste-
way are piven in Table 2, It was very difficult to read the time
interval from thke oscillo:;rams for the ten-foot electrode stations
and the error involved was hirh, tharefore 90, 100, and 110-foot
sections were uscd almost 2ntirely for determining the velocitics,
It may be unted in the table that thc obscrved velocitics var:r as
much: as 25 parcint when mcesurcd ovir Liic sane reach with en appar-
ent constant discharcz. The aversge varietion is aprroxinnt.ly 7
mereents Thors arc scverel foctors wliich contribut. to this dif-
{.runce in obs.rved vilocitye Visuel observitions rnd a studv of
the notion pictures show definite pulsations ol velocity 1in tle
“low (nlate 7-3 2. C). The apparatus used was ovidently sensitive

Lo these pulsaiions and one recovrd wes nade of tie highi-velocity
nacc wmile another ras made et soie lower velocitys 3Some of the
varie tion was undoubtedly caused »y ali; it errors in reading the
cscillogrorms. T records woer. not obvious and sonie w:liberavion
As uhCCaaﬁry to decterrine in 2re. case the cxact olarsod tiv o ro-
rnYt to pasc over o knovm distance. I fact veloci-

auired I'nr .2 on
setisfectoril - 4ot mitaed iron soms 0! thae rocordse.

ti:s could wet
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TAZLE 2
ORSERVED Vrlo.ITY

SLOE 100 - 12'

Distanoce fram
Electrode Yo. 1 o 10' 100" 110'  200' 219' 300’ 310' Loo' Llo*
Number of
Electrode 1 2 3 L 5 6 7 8 9 10
DMsotmrge ‘lumbers in parentheses are tho observed velocities in feet per second.
Second-feet Numbers to right and left of each observed velocity indicate the
electrodes betwwen which the velocity was reasured.
1 (35.14) 3 33.9) 5
g 3 (iﬁ.o) 5
193 1 (37.8) 3 37.0) 5 \3401) 9
5 (37.8) 7
P 1 (L6e2) 3 (50.3) 5 (51.3) 8  (0le0) y
3 1 (53.4) 30 (5é) 5 W7.5) 8 (o1.7) 9
1 (be.8) 3 (53.0) 5
Loy 1 (6.3) 3 (51) 5
1 (%2.2) 3 (L8.6) 5 (5u.h) 8
L 3 (%6.0) 5 (56eks) 8
3 (51.4) 5 (57.4) 9
587 1 (55.2) 3 (54e7) 5 (57.5) 7 (e27) 9
3 (58.3) 5 (Dl-og 7 (9509) 9
5 (573 7 (cs00) 9
1 (57.9) 3 (57.7) 5 (51.2) 7 (89.5) 9
9 1 (57.6) 3 (56:2) 5  (c2e0) 7 (67) 9
5 \70.1) 7 \93.6) 9
1 (64.6) 3 (€2.2) 5 (6301) 7 (%3.0) 9
mm 3 (&) 5 - 7 A9
1 (72.6) 3 (Tkeb) 5 (%6.1) 7 (68.0) 9
1 (61.0) 3 (6409) 5 (60.3) 7 (68.7) 9
3 (60,7) 5 - 7 (64e7) 9
1 (T.2) 3 (034L) 5 (72.3) 7 (67.0) 9
1005 1 (7h.2) 3 (71.3) 5 (68.8) 7 (6345) 9
5 (3667) 7 (67.1) 9
sLoFE 33° - 10 SLOPE 0°- Ol
Distance from Distance fron N N
Bleotrode No. 11 ° 1ot 100' 110" 200' 210' Electrode Ko, 17 © tor ko »
Humber of IHumber of
Electrode 1n 12 13 w15 16 Electrode 17 18 19 20
Numbers in parentheses are the observed velocities ir liumbers in parentheses are the
feet per seoond, MNumbers to right and left of each observed velocities in feet per
Discharge observed velooity indicate the electrodes between second, lumbers to right and left
Second-feet which the velooity was measured. Disoharpe of eaon observed velocity indicate
N d-feet the electrodes between which the
193 12 kSS.ﬁ) u (66.1) 16 velocity was measured.
12 =(51.4) W 167.0) 15
12 (57.1) W 18 (L2,2) 20
3R 18 (Lkoo) 20
s 11 ((26'8; llt %69.93 15 18 (42.2) 20
1 7.9 70.3 1
12 (71.0) 1)54 (65.4) 16 17 (73.8) 20
u91 17 (39.6) 20
Lo n (hs) 13 (8l.0) 16 1 (56.3) 2
1 1 (7)) 13 (78.8) 16 17 (L1.8) 9
Bo(rR5) 16 561 17 (56.2) 20
12 (73.2) 13 (83.6) 15 17 (7Le9) 20
n (Ma) 13 (.7) 15
12 (77.0) WU (76.3) 16 17 (83.9) 20
A 9 17 (7hel) 20
11 583.9 13 (b)) 15 17 (71.3) 19
587 - 11 ;“9.0 13 (82.8) 15
n (Ms) 13 (83.8) 16 17 (T1.L) 19
13 (B6e1) 15 L 17 (62.7) 19
1 (95.8) 13 (93h) 16 i 2l s
s n (e2) 13 (o7 16 22 8 633} e
B g2 1 1005 17 (77.2) 20
™m 1 (81.7) 13 (116.8) 16 18 (68.6) 20

12 (85.3) 13  (93.L) 15
922 12 (9.2) 13 (9,5 15
12 ( 87.5) U (85.1) 16

12 (113.1) 15
12 (93.1) 15
1005,

13 (101.3) 15
ii (102.7) 15
( 92,0) 16




A, Dilscharge 922 second-feet,

Discharge 1,005 second-feet,

FLOW CONDITIONS AT CHANGE IN GRADE

9 HI¥T



B.

A. Discharge 89 second-feet,

Discharge 491 second-feet, C.

JET FROM WASTEWAY ENTERING YAKIMA RIVER

Discharge 777 second-feet,

Td
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"oThis aooounts for the blank spaces in the table. A'largevamount'

of this discrepancy could be eliminated by further improvement of

" the equipment and teshnique. Several of the electrodes were dam=-

aged and a few were broken off and carried away by tho combined
action of the high velocity water and roocks and pebbles in the

- flow. The bent elactrodes altered the distanso botweon stations

but since comparatively long roaches were used for the actual

‘velocity detorminstions tho,error_lntroduoed from' this source. wos
-small.:- The behavior of the selt cloud as it travsls down.the wasto-

way is a subjcet dbout whioch little is knowne It may travel from'
sido to 'sido as it progrossos down tho chutc. This inforenco was
gathered from observation of the -eléctrodes after the completion of
the tests. It was noted that the -electrodes suffered more damage

'iand tue concrete showed more erosion on the left wall of the waste-
‘way at one station while at the next s»atlon downstream the demage

and erosion was on the oppésite wall. Such action, although not a
symmetrical zig zaag pattern, wes notod throuzhout the length of the
wasteways, It is possible thet .some portion of the salt cloud travels
continuously in the high velocity center flow and it is this por-
tion whlch causes the initial dcflection of esach galvanometor. If
this is true the measured velocities are the maximum velocities.

~ The velocitias observed between electrode stations 1 and 3, with

& discharge of 1005 second-fest, are slightly above the mean veloclty"
calculated from V= +/2gh. Thec value of h used was the difference

‘in elevation between the: water surface in the canal and the water

surface at a -point mldway between the two stations. No cntrance loss
or loss duc to friction was assumcd. These arc tho only two obscrvod
velocities that oxeccd tho velocity calculated by thc above formula.
3ince both obsorve tions made under the seme conditions exceed the
theoretical velocity, it may be that the results were influenced by
some unknown factor. It may also indicate that the measured velocity
is the maximum velocity in the flow. It has been shown that as the
velocity increeses in pipes, the maximum velocity approaches the
moan cross-sectional velocity in magnitude. This may be assumed %o
apply in the case of an open channcl until further study proves
otherwise. The measurod velocitices arc thercfore assumcd to bo mean
cross-scctional vclocitics. Other sources of orror, althouzh very
emall, lie in the fact that the spots from all the elements in the
osclllograoh cennot be adjusted to lie exactly on a line perpendicu-
lar to the center line of the film and the rotation constants of -
the elements ere not identical, Each element deflects slowly at f1rst
but with ranidly inecreasing V61001+J, partly beca: se the current is
increasing and partly because of its own inertia. Hence it is
diff'icult to detsrmine on the film the oxact time that a deflection
starts. Thecse sources of crror are so small that thioy were con-
sidered neglirible for th: typ: of work being done.
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‘ -21, :Entrained air. The computed entrained air in
neroent of total volume of Ilow is ziven in Table 3. Station
( 1-3) refers to the reach between electrode 1 and electrode 3;
'station (3-5) refers to the reach from electrode 3 to electrode -
5, etoc. (see -figure 1), It is well to emphasize the note (table
3) referring to the calculations for air content on 33° - 10!
slopes Because of unavoidable circumstances, water surface reed-
ings were not taken at the point rage station 11-12 for discharges .
gbove 491 second-fecte. ‘Also the observations arc not complete
. for the two high discharges at the next two stations below. -
Therefore the depth and hence the air content ‘are considered to

_ be that found at the lower stations. The mean depths, hydraulic
radii and velocities refer to the mean of all such measurements
taken at the ends of .and within each reach. In that portion of
the table applicable to the 10° - 12' slope, if the two lower
diecharges are disregarded becsuse of the traveling wave type of
flow and particular observation made of -the velocities prevailing
- for discharges 362 to 719 second-feet, inclusive, there appears to
“be an inorease in velosity for each discharge as the flow pro-
.grosses. downstream. - This is not apparent for the three higher
discharges. This condition may.bo only a result of errors or

 ‘welooity fluctuations but seems to be too consistent for that.

" It may be that for intermediate discharges, constant flow condi-
- tions had not been reached in the transition section but for
the higher. discharges such a condition did prevail. The water-

- gurface measurements show an almost constant depth for each dis-
6harge ‘throughout this section of the wasteway. ‘Another reason
o w77 that the water surface measurements do not agree with the. trends

,J.ikx,él~‘? /shown by the velocity measurements is because the point gage
o .”* readings oovered a considerable period of time and represent
-.the average water surface over this period while the salt.cloud
. -employed to measurs velocity represents a localized section of
.. the flow.and may attain a velocity associated with a single -
" velooity fluotuation. For the high discharges on the 109 - 12!
M .. 8lope end for all discharges-on the 33° - 10' slope, there is
‘;qj{{;»; ' no- consistent inereaseé of velocity for.a given discharge and
- " . "glope as- the: flow progresses down the wasteway. Hence it is
- logionl  ty assume-that uniform flow conditions prevail. This
- is not . true for the flat. slope at the lower end of the wasteway .
Here the fioW“was deoelerating and is coneequently nonunifonn.

R {'»J'"V‘ S g sunmas of a1l tests on chutesi A sumpa of all
e data on ‘air ooﬁ%S'%'%% chutes is given in Table 4. Inf;imatxon E
.~ 77 is’only given on chutes in which the date is' oampletes In or-
’f‘fgfif{ﬁu ) -der to.detertiine the volume. of ‘air, -the .quantity, the velooity.
NS *;a " and the area of the oross section.mnst be measured. Other data
S have been found but in most “instances. only two of these values
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have been determined and the third calculated from the formula _
« 2 AV, Generally the discharge was calculated from measured eross-
section and measured velocity. This, of course, gives a quantity
that inqludes the air and hence is in excess of the true water
volume. -For this reason numerous experimenters have found a value.
for "n" for lanning's formula that is very close to that expected,
whereas if the actual water discharge were used, some other value

" might have boen found. Only those data based on measured values.

of all three factors have been included in the table. ' It is
possible that some of the observations wore made in regions where

- stable flow conditions had not been attainod. The data undor.

. number 26 undoubtedly belongs in this olass. Observations and
pietures show that at this location, white flow prevailed only

~ near the sidos of tho structure while tho centor portion of the
flow was darkéer colorcd. The data under number 27 was teken on
.a.slope preceded by a stcepor slope (Nos 26)e A comparison of the
‘measuraed veclocities indieatos that thc flow was decelerating at '
this soction. Other data may have been influenoed by similar con-
~dition8 but details are not available, .

23s Velocity of flow in chutess In attemptlng ta estab-'
1lish some relationship between. the hydraulic factors in a channel,
an equation based on the analysis of observed data must be- estaba",
lished. Ehrenberger found : : :

V = 97 ] 2 0,52 (81n 9)0 4

- Thla relatlon‘was established by model tests made in a wooden |
chute 0.82 feet wide. The depth varied from 0.048 to 0.161 feet
. end the hydraulic radius from 0,043 to 0.116 feet. .Experiments
‘reported by Ehrenberger on the tuetz wasteway in Austria show that
‘the velocity varies with R0¢53, The bottdm width of this wasteway -
“was 842 foet. The depth for the flows varied from 0.10 to 0:74
- feet end "the hydraullc radius from 0.097 to 0,640 feet. This waste-
. way had & wooden’ lining. - Data from this same wasteway reported
.- by Schoklitsch give depths from 0.31 to 0.94 feet ‘and hydraulic '
- radii from 0.29- to 0479 féet. They showed no consistent relationship
- -between V and R.. The eéxperiments made by Steward in 1913 do not
- 8how-a oonsistent relationship to exist between velocity and hy-
- draulic radius.. The experiments on the Kittitas wasteway covered -
. 'depths from 0.5 to 2.9 feet and hydraulic radii from 0.5 to l.7
.feet., The data on veloeity and hydraulic radius for these tests
- have been plotted on logarithmic paper and & straight line drawn’
through the points perteining to each slope (flgure 2). The
.equatiens of these lines are~ - I
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TABIE L4

COMPILATION OF PARLIER CHUTE MEASUREMENTS

‘ Disolmrge Yeascred Discharge Yeasured Q
Q Depth Hydraulio Velooity l% Q Depth Hydraullo Velooity v
Seoand~ d4  Radius W Peroent Second= 4  Radius v Percent
Pood Poot  FPoot n./é... Tater Feot Feot  Feot "'-AW- Water
1, Ekrembarger’s Hodel 04353 0,057 04050 T 9.8 7940 16, Aremn Chute = Comorete
Cimte I « Yood 04706 04090 0,07 1S54 79.0 Seotion 1: Sin © = 0,20 326 o02h 0.2 204 (e
m- 0.82 foot }.l;?, o, o.oslz E:s 80,7 7 . b o -’st:t.
= 0,153 o. +  Oe 0el1 8061 17. Arena Chmte = Como
. . ) 4 Seotian 21 Sin @ = 0,151 23,26 0,22 0.21 1946 90
2, 's Moded 0355 0,05 0,08 1024  T7.0 b eee = 6 £t
. Cxate I = ood 00706 0,087 0,072 E:os T560 18, Arema Chute = Comrete
:ﬂ"‘. - % food 1.2 o.us:g 04093 &E T5.0 Sin @ = g.zos 50.L0 0,32 0,29 29.4 89
. =0 1, 0el! 0011 1 8 b eee = 6 foot
) g P 19, lisard Chute Hoe 1 = 0.l 0,04 0,04 497 7
: 3o Ebrenberger’s Endal 0,353 0,051 0,045 7k 729 Canorete 2,04 0,11  0.10 9433 &
( 0,706 0,082 . 0,08 L7 .6 Sin @ = 0,082 2,80 00,12 0,11 10,9 7
WAth = 0,82 foot 1,09 0,115 06090 16,31 704 b eee = 3 foot 5¢T2 0.17 0616 U3 °
8in 0'= 0,305 1.57 06151 0,111 17.55 70,7 797 0.2, 0.21 U2 i
: 16,2 0436 029 19,2 ”
b ' Hodel 04353 0,018 0,013 13,22 Z:ﬁ
Cuts IV« Wood . 0s706 0,079 0.066 16,80 20, lisard Chute No. 2 = Oclly 0405 0405 649 L2
Miath © foot 1,09 0,112 0,088 18,73 & Canorete 2,04 0,10 0,09 7.8 87
8in 0 = 0 ’ 1.57 Oell8 0,109 20,18 3.5 Sin 6 = 0,194 2,80 0610 0610 1.1 85
. . b eee = 3 foot 5¢T2 0,16 0o 19.8 &
'g Hodsl 0e353 04052 0,047 15:@ 51.3 797 0e21 0,18 1640 8o
Cute V = Wood 0,706 04085 04071 19, 51.2 16,12 0631 0626 23.8 ™
WiAth @ 0,62 foot 1,09 06118 0,092 21,85 51.0 21, Hittitas Wasteway =
8in 0 = 0,606 1,57 0,156 0,113 3.8 51.3 Conorete
. L 8in 0 = 0,547 231 0,80  0.,67 5242 &
". 6y To & 8, Rusts tastamy 17.7 0010 04097 346 &l b eee = B foat Lal, 1.3 0,98 6640 7045
« Tood 20,3 0,16 0,157 3242 I’N mde down-
Bottam width o 8,2 feet  120.0 09 o 56.1 39 strean from chute)
8420 . 010pes = 2,5 on 1 :
- 84n @ ® 0,606 27.9 0,210 ig.s Ny 22, Eammerhill Flume = Mstal
(Ad3stod valuss of &, 3640 0,272 8 38 Canndian Pacifio Ry. .
and V as given by 52,3 04361 L7.2 ﬂ;’ Alberta, Carada 61.0 - 0.573 2745 85
Edyenberger) 129.2 0.512 570 Sin @ = 0,057 2645 - 0,433 18.6 88
. b ees = 5410 foot
’ 32.8 0,26 0,249 6 .37
5646 0638  0,3L8 2 37 23, Dalroy Flume = Mstal
.5 0o o.zg; L47.9 37 Camndian Pnoifio Ry.
T0e3 0, 0. 5162 ag Alberta, Cansda 59,2 - 0993 1562 sk
1519 0y 0,640 @3 8in @ = 0,032 1514 - 1311 17.6 76
. b oo = 10,2 feot
9 Eusts Fastemy - Food 36 0,31 0,29 €846 20
Data fram Satmkild 2 0.; 0,33 . 659 25 2, lateral C-11 Flume = iicod
: 56 ) 0 9345 27 Canadian Pasifio Ry.
SeanveFlamivugy und 9% 0 ol 70,2 39 Alberta, Cannda
Eollmbwehy 132 04l 0,72 7062 25 Sin @ = 0,052 1.2, - 0,107 9.82 9
R 159 0494 079 70,2 27 b eee = 049 foot
120 191 © - - 7062 &y
o 0 25, Secondary Canal = Wood
hﬁh 0 = 0,215 19,1 0.6 - 0.6 33,1 &y Canadian Paoifio Ry.
i b ooe ® 3428 foot 2601 - 03 0434 28,2 & Alberta, Canada 6016 - 0,155 9425 95
Do Sin @ = 0,025
11, Benkok : b eee = Lo18 foet 4
8in 0 » 0,602 . 21, 2,20 0,94 T7e1 38 be16 £o
. D wee ® 3,28 foot 102 1,21 . 0,70 61.2 38 26, South Camal Chute Lo.2h
Milepost 2 - Conorete 115 038 o 871
12, Ralimits = Prapesoidals Project ig 130 1,07 38417 9
840 @ ce0ee = O 166.0 1.23 0692 6846 - Sin @ = 0,275
Botton widthe6,56 feot 13,2 115 0,88 6340 - Trapezoidal
. 1 . 2"'0',& Bottom widthe8.8L feet
® 0 9540 0,57  0Oll8 32,3 86 27, South Caml Chute
b eee @ 650 foot ¥ilepost 2 = Conmorete "
. Unoompahgre Project 267 1,06 0487 28,13 103
. i = Canorete Seoston 2 ) Loo 139 1409 31,93 102
o 0= 0,081 275  0.32  0.28 22,0 'l Sin 6 = 0,070 155 117 32,58 10,
b eee = 540 foot Trapezoidal
15. W , . Bottan widthe€ei7 feet
' ‘!?‘::0 00156 N '
= O 22 0, 0 o
D ooe = 5 food 21 o2 2.3 6
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v 5.4'9.'8. R?'/,s’-w:ieré o We1ze . () -

v’ = c7.o R2/3 where © 33010t . . .  (2) .

','"th might be said that the exponent of R increases a8 R is inoreas-

Loed if- Ehrenberger's formule, the date fram Ruets wasteway, and the

" date from Kittitas waateway are. oconsidered. However, the date- are

-+ too meaper to place e great deal of: weicht upon this relationship
* without further experimentations ~Since the experiments on the
.- . Kittitas wasteway inelude only twro. slopes, it is not considered
"radviseble to determine &’ reletion such as Lhrenberger s botween -

V and sin @ for R. constaits - JOWBVor, 'if we assume the valocity

;.f* to bo. en exponential function of the hydraulic radius and oampute '
.+ 'tho oxponent using only tho two.velucs of sin 6. and ineludo thls »
~x_function in a t,c.nc:z'el fONnula, o hnvo,' : : ‘

v=elonz/3(i 9)02'66

1,:‘By comparing this w1th Ehrenborwnr'q formula it appcers thst as .
';ytho hydraulic radlus increceses, the efpon‘nt .of’ R incroascs nand-
" the cxponont of sin O decrccscs. This stetomont should not bo
. "considered as fingl because of the small emount of data upon which.
.. to base. & ‘eonclusion. . The fact that this exponent of R: agrees with
- . +the iexponent -of R.in Manning's formula sug:ested that "n'" be' com-.
_gjputed for uniform flow in steep chutes, the loss of head per unit.
length of ‘flow .is. expressed by sin 6, where 9 .is ‘the anple of .in-

¢lination of the botton with respect to the horizontal. Thus INen- - o

bei;:'nlng 8 formula ‘for steep 310pes becomes

v 21, 486 32/3(5111 9)1/2 o R ¢

‘Cemputing "n" using equations (1), (2), and (3) we find:

-~ n = 0,0126 (@ = 100 - 12') .
n =o 0154 (e = 330 s 10')

./_.

Thls weuld indicate that the value of "n" increases w1th the s10pe
L_but this conclusion is not-logicel since the value of "n" is as-
;-ﬁuwed to  depend upon ‘the roumhnpss of the channel. The value of.

S for. the 10% 12! slope is what mipht be. expected but the "n" for
2330 10T slope is high for the type of material in' the chennel,
... Hence, we may assume ‘that Hanning's formula’ is not correct for.

steep chutes., Here - agaln nore deta should be considered beforc

ffmakinr e pos1tiva statm.ent...

24. Air content of flow in chutcs. Ehrenborwcr also

v dﬂVflode foruulas for detemining the wetcer portlon, B, in a
- unit volum: of* whitf ‘watcre Tlfo arcs

J
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G

‘0.0ﬁ 9.8 ' .
sor sin © <0.473

L = 0,36 R (sin @) . for sin ©3.0.476

T.ese formulss are based on tests made on five different slopes
rensine frow € = 8° 49' to @ = 37° 18' and hydraulie radii reng-
ing frow 0,047 to 0,116 feete. I'rom the formulas it appears thet
with e-uval wnll rouchness, the slope is the most. important factor,
and the hydreulio redius, end hence the depth, are only minor
ifactors. . A comparison of the velocities end air content observ-
54 in the Fittitas wastcowey and corrcsronding values cclouleated

by Ehrenbarccr's formules arc given in Teble 5. Although the ob-
s.rvcd ond caleulrnt:d wrlucs crreo to £ cortain oxtont, thoroe is
not o consi<t.nt r:l-tionship. Howcev: r, whcen the dete arc consid-.
r.d ooll ectivily for cech slops, th.rc is hotter rgrcononte Tho
woer air coatist for ceeh slope of tho Littitas wostiwey rnd the
dete from toble 4 wes vlotted on losorithmic pap.r (figurc 3).

o »rr-11cl lincs mey be drewn tirouh th.sc points. The cqua-
tions of thest lin s cro

o5 = 0481 sin @ 0+€
Of= 0.62 sin @ ve6

vthere ©C. is the volume of entrained air in a unit volurme of sera-
ted vater. The numbers arnearing in the figure correspond to the
nusbers giver. tle data in teble 4, Two lines were drawn because the
points represonting date from tiic modcl chutes did not appear to

bc closcly associatod with thos. from prototype structurevse The
upp-r linc may be said to rovr scnt valucs f'rom prototypo tcsts,
cxeept for th. flatter slopus whare thoe points serc badly scattorcds

25. General discussion of chute data., The flow of
water in open channels with hizh gradients is a moot subject.
Difficulties encountered in securing .data from such conditions of
flow cause the results to be subject to considersble variation,
Lack of suiteble equipment and structures of sufficient size have
retarded progress toward an undorstanding of the conditions pre-
veiling. ' Concerted searcihi of litereture supplumentod by ficld
meosurericnts show thet water flowing at high voloeity in an open
channol docs entrain air and thce volocitics ere lowcr then provious-
ly computed or cssumnde This stetoment of course applies only to
the type of structurcus studicde To what cxtent thiu conditions
may bc cxtrapolsted onn only be dotermincd by furthour roscarch.

In the cxpcerincnts on the Kittites vwastoway, the indiections worc
thrt with €} ~iven conditions, ¢ terminal veloeity oxistcds
Furth.rmor., . rc is no quostion but thet o viry lerg. amount of
cir was cntranin.de. ith 2 flow of 1,005 scecond=fcct on a slopc.
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FIGURE 3

QL= VOLUME OF AIR IN A UNIT VOLUME OF WHITE WATER

- .03

®15 10 “a

23

120 L7 Ps ﬁ?‘

D
L

°
%
\

‘{9

/ /( 17 Bl

A

r

.08

.07

05—

.02

4

|
0.02

.03 .04 .05 .06 .07.08.09.0 T 20 .30 40 .50 .60 .70 .80.30L0OO
SIN ©

© = Angle ‘of inclination of chute measured from the horizontal.

RELATION OF AIR CONTENT IN FLOW TO SLOPE OF CHUTE




Table 5

Comgariéon of Observed Velocity

And Air Content with Those

Calculated by Ehrenberger's Formulas

SLOPE 10° - 12¢
Sin @ = 0,177

Discharge Observed Observed Celculated Observed Calculated
Second- ‘Mean - . Mean Velocity lean Air Content
feet Hydraulic Velocity ft./%qc. Air content Percent
Radius ft./sec. Percent

fte :
89 - 0,45 34,7 32,0 35.0 3l.4
- 193 0.69 37.9 40,0 21.3 3249
. 362 0,96 - 5343 47,5 31,0 . 34.0
401 0,97 49,4 47.8 18,5 34,1
491 1.14 54,3 52,0 2645 34.5
587 1,26 58,7 54,7 27.0 - 34,9
719 . 1.38 60.7 57.4 - 27.0 3542
777 1,45 6347 58.9 31.3 3543
922 1.55 6640 61,0 29.5 35,5
62.4 32.0 3547

1005 l.62 69.0

SLOPE 33° - 10!
Sin 6 = 0,547

Discharge Observed Observed Calculated Observed Calculated
Second- Mean Velocity Velocity Mean . Air Content
feet  Hydraulic ft./sec. ft./sec. Air Content Percent
Radius = (kean) Percent :
fto. - _
193 0.90 . 62,6 72.2 64.0 52
362 1.17 70,0 82.6" 58,0 - 53
401 1l.12 76.9 80.8 56.0 - 53
491 1,30 77.4 8743 57.6 ‘ 54
587 1,37 82.0 89.8 . 55.7 54
719 1.43 87.1 91.7 - 52.7 54
777 1.51 96.6 94.4 56.0 - 54
922 1.61 89.1 97.6 50.8 54

1005 1,71 99.0 100.7 53.0 54
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."of‘10°'12'. & maximum mean vel'oéity of 69 feet per sec:nd and an

air content of 32 percent by volume was found. In a similar man-

" ner, on a slope of 33° 10' with a flow of 922 second-feet, a maxi-
‘'mum mean velocity of 89 feet per second and an air content of 51
~ percent was detemined. Indiocations were that atable flow con-

ditions had been reached in each oase., | The velocity inoreased

" with the two-thirds power of the hydraulic radius for values of
. R between 0.5 and 1.7 feet. For a given discharge with constant
- flow conditions (R constant) the velooity varied for tho two
' slopes tested a8

0. 277
VcKsinO

: where O ia the angle of melination of the channel bottom with the

horigontal, and K is a constant. Comparing this with oarlier ex-
perimonts, it soems that the éxponent of sin @ may decreaso as tho

- hydrauliec radius incresses. The air content in & unit volume of

water-air mixture appeared to be dependent on the slope of the chan-
nel, hence hydra.ulic radius and velocity being only minor faetors.
The relation as determined from the two slopes is v

0.6
“ 2 04,81 sin ©

This relotioh; of ocourse, is tentative since the date from the
339 10* slope may have been influenced by the fact that the section
was preceded by the flatter slope.

26, Mechanica of air-water mixing. The mechanics by

"which the air enters the water is not known. . Personal observations

and existing data point—to certain faotors that. influence the air

o entra.imnent by the water:

'(1) ' Roughness of the sides and bottom of the channel.
- . (2) slope of the channel.
(3) Depth of flow. :
-/(4) .Velocity of the flow.
(5) Area of the water surface in contact with the air.
.(6) width of the chammel.
{7) Pressure in. the flow.

Turbulenee in the flow, reg;ardless of the factors that create this
condition, is without doubt, of prime importance in mixing and
retaining the air in the flow. It may be that a solution to the
entire problem may best be obtained from a better understanding
of the mechanics of air-water mixture. Theoretical consideration

.has been given to the develomment of a means of determining the

terminal velocity for accelerating flow. This work is in progress

~and definite conclusions have not “been drawn. Practlcally all of

the data collected to date are applicable to flow in channels.
Only one instance can be found where the velocity has been measurcd

.. at the toc of en ovorfall dem; those on Madden Dem. No watcr
- surface measurcments ere available, honec the air content of the
~ jet cannot be calculatcd. To what extent the laws of flow in

chutes applics to the flow on tho face of & dem have not as y.t been
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. determined, principally because of insufficient data. Observation
of photographs taken of numerous overfall dams seem to indicate
that the jets overflowing struotures of this type do not contain
air in the quantities observed in narrower channels. This may

be because there is not sufficient length of face on the dam to
establish constant flow conditions. It may elso be due to same .
relationship between depth and width of the jet to the air con-
tent. The entrance conditions may also be an important considera-
tion. Roughness of the channel must not be overlooked as a prime
factor contributing to retardation of the flow. For instence an ex--
tremc example is a cascade in a mountain stream. Here sizable
quantities of flow have been observed to travel down a boulder-
strewn bed on a slope of near 45° without attaining any great
velocity even after flowing some distances A terminal velocity
apparently has been reached in this instance and the chennel bed
is the governing factor. Visual observations of water falls
supplemented by slow-motion pictures show that the jet disinte-~
grates rapidly after leaving the brink and assumes a very white,
turbulent appearance. Here, of course, the flow is completely
surrounded by atmospheric pressure, The only force holding the
jet together is surface tension end in the case of large jets
acconranied by a high degree of turbulence this force is rela-
tively amall. Consequently the pressure in the flow is probably
very close to atmospheric and thore is merely an interchango of
position of particles of water and air. Whother or not a terminal
velocity cxists somewherc below the brink has not boen determinod
but it is rcasonable to assume that it doos. Tho intornal pres-
sure may have some bearing upon the air mixture in high velocity
flow in steep channels particularly where the flow traverses a
vertical curve.

27. Application of data to Shasta spillway. In the case
of the spillway for Shasta Dem present conjectures are that at the
maximum discharge the jet may be of such proportions that the en-
traimment of air with its consequent effect on the depth and veloc-
‘ty of flow ey not be of major importance. Ilowever, at some lower
discharze, the conditions meay be conducive to entraimment of air
in large quantities. II the results of the experiments on Kittitas
wrasteway may be considered to be applicable to the conditions that
will prevail in Shasta spillway, the air content, as celculated irom
the formula e¢ =0.81 sin 00'6, will be 70 percent of the flow by
volume, considering of course thnt t!.e spillway is of sufficient
length for uniform flow conditions to be established. This may or
mav not Be the caae. Tae velocities, as calculated frau the formula

= R / (sin O) Jeduced from the same experiments, will be:




as

Depth Discharge per foot of spillway Velocity

second-feet ‘£29t sec.
0.5 2e6 48
1.0 23.0 76
2.0 : 144.0 i 120
3.0 427.,0 . 158
3¢5 643.,0 175

Agein, it is emphasized that these velocities will prevail only if
~ uniform flow conditions are established on the face of tiie spillway

and that data from narrow channels may be extrapolated to include
overfall dems. ‘

' 28, Conclusions. Only the most.significant results have
been noted. Adequate explanation and formulation must await further

‘investigation and analysis. A great deal of further work must be

dons before the problem can be explained quantitatively and in par-
ticular a study of the surface of flow exposed to the air should be
made by means of an ultra-speed motion picture cemera in order to
better understand the mechanics of the air-water mixing process. A
satisfactory means of measuring high velocities in flow has been
developed which should assist in additional study of the problem.
With some changes in equipment and technique and a closer calibra-
tion of the method, it should be possible to determine the maximum

~ and average vblocities existing in the flow. The ultimate solution

of the hydraulic principles involved in high velocity flow may be
found in new formulas that do or do not contain the factors gener-
ally used. For instance, it may be that the accepted value of the

. hydraulic radius is not egtirely correct but.should possibly in-

clude the side of the~ perimeter that separates the water and at-
mosphere. The relationship between the component parts of the
formulas might be shown by same means other than exponential equa-
tionss No definite statements can be made at the present time be-
cause of the difficulty of establishing arguments for such, but
the problem should be recognized to exist and not be ovcrlooked in

. tho design of structures. It is hoped that intcrest may be stimu-

lated in the engineering profession to the extont that additional

p;data and analyses may be -added to the small store now available.
‘Some means of studying the problem of self-aeration of flowing

water is being soucht in the laboratory. To date, the aerated
flcw closely resembllng observetions made in prototype structures
has been produced by artificially roughening the chennel. This

. neans Of producing such flow greatly retards the velocity and

no Gorrgotion for this factor has.been determined. Laboratory

work 1s &lso being done by Dr. L. G, Straub of the University of
innesota -and data from those studies will be aveilable through

a cvoperative exchange of data sponsored by the Special Conmit'tee on
Hydraulic Rescarch of the Americen Society of Civil Engineors.
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29, tclnowled. gierte, All ~xverimental work and the
Tremaration oi tl.is memorarndun wvas under-the direct surervision of
Je Eo. "Jarnocl', The velocity :eccuring equipment was developed throuch
Tiie conbined eflorts of J. L. ‘arnock, E. 'e “7ilsey, and C. 7.
Thomas, Valueble surf estions in addition to the loen ci the oscillo-
rravi: were mnade by R. E. Glover of the technical section. E. F,
rilsoy assisted in the conduct of the tests on the Kittites weste-
wey ard in tue analysis of tiwe resultse. 0o also added uatcrially
to an understanding of the subject by transleting the rclevent
erticles from foreign literaturce The clectrodes were installod in
the ¥ittites wastocwny under the dircetion of J. 3. lNoors, Supor-
int mdcnt, Yalitinma projecct. The currcnt-motcr measurcrents for the
tests were made by I'e A. Jerme, iIydrographer, Yakima project. Ef-
ficient control of the flow, as well as other assistance very valu-
able to the success of the field ..easurements, was accomplished by
Ve "fe Russell, manager, eand ii. Te. “hite, watersmester, both of Kitti-
tas Reclemation District. J. C. Stevens, consulting engineer,
Portland, Cre_on, visited the laboratory while the velocity-measur-
irg equipnent was being developed and spent some time on the ground
vhile the ficld tests werc beineg eonducted.s On these occasions, he
"offered valuable suggestions and edvices e Fo Durand has suggostod
a mathematicel aid to "be uscd in solvin. for a terminegl volocity in
ncczleroted flow,
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ABSTRACT OF CORRESPPNDENCE

From E.'W..Lahe to We Me Borland regarding
velocities on face of Grand Coulee model.
An outline of initial tests to determine

‘frietion on the face of an overfall dam is

From E. . Lane to . M. Borlsnd regarding

.airdrag on water flowing down the chute

at Montrose laboratory.

l‘emorandum from 7e 'e Borland and C. T, Thomas
to E. Yo Lane. Subject: Tests along South
Canal Chute at laboratory to determine emount
of air flowing above water surface. Outline

- of proposed tests and estimate of cost.

From Chief Engineer to Superintendent of

i Yakima Project, regarding velocity measurements

in Kittitas Wasteway., Resume of problem is
civen and outline of proposed tests.

From. Superintendent, Yakima Projcct to Chief
Engineor regarding velocity measurenents in
Fittitas Wasteway. Bcst time to conduct tests
and limitations of irripgetion system outlined.

¥omorandum from J. E. larnock to Chief Designing
Engineer. Repnort of progress and request for
trovel to Kittitas.

From Acting Chief Engincer to Superintendent
Yakiria Project fixing detc of start of tests

- and preliminary instructions for preparation

for tests.

From Supcrintendcnt Yakinae Projcet to Chief
Engincor regarding c¢ffect of demand for
irrigation water on Kittitas Westoway testo.
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From Acting Chief Enrineer to Superintendent
Yakima Project trausmitting details for in-
stallation of test equipment. Gives outline
of tests rnd procedure to be followed.

l‘emorandum from J. X. ‘Jarnock to Chief
Designing Engineer relating to design of
Shastg spillway stilling pool. Contains
resume of findings from study of high
velocity flow.

From J. C. Stevens to Chief Engineer
proposing an exchange of data on the
subject of "Simultaneous Flow of Liquids

‘and Gases" throuzh the special committee

on hydraulic resoarch of the A.S.C.E.

From Acting Chief Enginecr to J. Ce Stevens,
Chairman of Committce, stating that the
Bureau will coopecrate in a progrem of data
exchange.





