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stasp ohutes with spsoinl referense to selfessration ~ A
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loneralities and m:g

Waste water from the upper pool at highwhead pewer plasts i3 usully -
directed ints tumbls bays in which onorgy dissipation (tranaformstion) ig
artificially sohicved. The severe shocks to which such devioes are b~
Jested, as woll as the large sonstrustion oosts lovalved, have led te the
suggestion that this exoess flew might be diverted by meena eof sinmple,
steep chutes. In such ohannels, a selfwneration takes place as n result
of the frictiomal end mir resistance. BSuch a ohute warp oemvtrusted 4o
full soale nt the Ruts Works in Augtrin, The lack of faversble axpor-

denoe with this typs of overflow wvorks, 4z well se the faot that the
soienge of flow in stesp ehutes 13 still anm oalmost unaxplored field,
suggested that en experimsnta) study of this £low and the acoompanying

phenomsnon of self-seretion wes mogt desirabdle.
"he experiments deserived hereir wers made in the Lydraulis Struce
tures Ressarch Institute et the instigation of the Bure., of Austrian
Railways. gince existing velcsity formulas are strictly linited fm applie
cation to siopoe of sbout 3 to 1.5 percent, the ultimete aia of this study
was to establish a relstion tetwsen the average sestional velooity, the
slope, and hydraulie radius fer alopes up te say 70 peroent. In addi¢ion
to this, it wae atbompted to find & relation betweer the average aeration
et a oross seotion (expreseed as the retic by volume of thewater portien
to the whole water-air mixture), the slope and hydreulio redius, It
should be menticned at this point that the nrtsurament of —tho'ann.ga
cross-asctional velooity meets with fundenental aifficulties, for the
svailable instrumerte for wedpuring velooity, suoch ag surrent meters of
various types and Pitot tubsa, aro based oo the tasit sesmption thet the
apecifio gravity of the liguid is unity. Theooe instrumente would met be




-applicable, should they be first calibrated in wotar aerated to varisug
degrees, for, as the oxperiments showed, thoe: wator presonted .differont
doegrees of aeration at differeunt points of tho cross section which would
have tv be preriously determined. Before prosceding with the detar-
mination of velocities, ‘the complete lay=out of the apparatus and the
goneral plan.of the investization will be desoribed in detail.

The experiments were performed on chutes with five different
slopes and with four different discharges for oach slopo. Thege bottom
glopestin test series I to V were S = 15.5, 20.6, 32,0, 49.5, -and 76.2
peraent. The last value corresponds to the slope of the wasterny at
the Rutz Works. An absolute fall of 3.5 meters (11.5 feet) was availe
able in the laboratory. The length along the ineline for the gmsllest
slope (test series 1) was 16 msters (52.5 faet) and for the me:xlmum
slops (test series ¥) was 5.5 metors (18 feet). 1In zeneral, thoge
lengths were entirely gufficiont +o ins:ro uniform flow et the lower -
end nf the chute. Only in test aeries 7, at tho Risher velooities,

did it appear that uniformity waa not completely .aohieved. Hlence, in
this -case, oxtrapolotion had to be employed. The discharres used for
each of the test sories were 10, 20, 31, and 44.5 scecond=litors (0.253,
Ce'706, 1.09, wad 1.57 second-Teot). focasionally, a digcharge as low
as thrao second=1iters :(0.106 second-feet) wna used ag a cheok. The
445 second=liter (1.57 second~loet ) -disclarze was the mexinun .attain-
able under the given labofatory conditions. A& burfle served to quiat

lﬁy the slope, S, is meant the‘tangent:of_the aagle of inclination

of the bottom of the chute. The gine of the angle of inclination had
to be introduced, however, in the final formula for theoretical oon~

siderations.




the flow issuing from the high reserveir. The cross section of the
channel was rectangular and ‘in conformity to the dimensions of the Ruts
waste chute (bottom width 2.5 meters or B.2 fest) had a width of about
0. 25 meters or 0.82 feet.

A oortain problem arose in connection with the exact determination
of the water surfece. As a result of ‘the acration phenomenon {produced
by ‘air resistance), with the smaller slopes, the .surface was mush
roughened, and in addition, detached drops of water moved along parallel
to the water surface, while with rreater vaiocitiaa, & weter surfece, in
the usual sense of the word, simply did not exist beoause of the gradﬁnl
trangition from air to water. With the lergzor discharzes in test series
V, in which surface velocities of 8.5 meters per second .(27.9 feet par
second) ooourred, the water surface exhibited, as a result of the large
amount of intermingled air, the same milky=-white appearance noticeable
to a greater degreov at the Rutz wasteway. TFigure 2 shows a schematie
soction through a chute. ‘At'thé‘top, céroplets of water interspersed
through air are first noticed. Below this layer, there is a loyer con=

sisting of a mixture of eir and water, whioch in turn .covers = layer of

water containing individual air bubbles, and finally there is e layer

of unaerated water adjacent to the bottom. With steep slopes (test
seriss IV and V), the watere-air mixturs extended ell the way to the
floor ‘of the chutse. From.this—descriptiaﬁ, it may be gnﬁhered that the
defirition of the term “water surface® is an important one. In what
follows, the depth is defined.as that -height, above the bottom, at which
the uppermost layer of water drops rebounds with considerahle foroe
againet the broad side of a flat bar, held in the channel perpendioular
to the directlon of flow. The simple apparatus constructed for measuring
the water surface permitted moving the bar for determining elevntion as
well as longth ao that both longitudinel and trensvorse weter surfece
brofiles osould be detormined.




Self<Aeration of Watur

As already mentioned, the phenomenon of self-aoration is alao

covered briefly in the tests. By means of several :glass ‘windowe placed
‘on the sides of end extending to ‘the hottom of the chute, this phenonsnon
could be directly and effectivelx observad. A white.area.indioatad the
aerated water, while heIGW'this_strip. extending to the floor, a clear
portion (air-free) was obgerved. Betweon thess twe layers, a mors or
less well defined ‘boundary layer'was noticed marking the 1imit:of'thq
aeration. If the veleoity head, determinogd by means of & :simple Pitot
tube, held at various heights along £ normal to the wakter surfoce, ig
plotted on coordinate paper, characteristic normal velooity head curves
are obtained (figure 7). Tha elevation of that point denoted by 3,
above which the velacity head, 2s o result.of aeration, decreases rapidly
agrees well, ‘for the smell slopes (tost series I-II11), with the elevation
-0f" the previously mentioned "boundary lover. Pitot tube measurements
-made along the oenter line-oi'the chute also gave information on the
variation of the'aeration_in‘the?longitudinnl-direztiOn; Figure 4 ghows
a longitudinel seetion in,which-tha-slqpihg bottom 1a shcwn,horizontally.
The heavy curve shows the;wﬁter-surfaoe,,and_tha dashed curve indiovetes
“the position ol the boundary layer. The crogs=nntohed pert between thege
two curves represents the water=eir mixture. It is seon from this graph
that the asration tekes place gredunlly end not .suddenly, as in certain
c&ses of the hydraulic jump. Further, .a well defined dip in the water
gurfase ‘is to be observed. This -can be‘explained by the féct that the
depth of water in the uppar}part;of'thé chennel, where no .appreciable
aeretion is present, oorreaponds‘tofan°inofease-in‘yelocity, while in
the lower part, in spite of the further velocity ineroase, the -depth,

as & regult of the aeration, coutinues to increase until & final constent

condition is reached.




Determinetion of the Burface Velocity

by & Photorrapliic Procedure

In ‘order to ascortain the average valooity in a oross section,

e knowledpe of the surfaoce velocity was first necessary. This was
afforded by photugraphing'nj;gminous fleet, for & short exposure (0.1
to 0.2 seconds), placed in the upper :end of the chute. Thege floats
consigted of small match hoxes to whieh pieces of magnesgium rihhonlwere
fixed. The luminous magnesium was recorded on the film as a white strip
whoae real length aould be easily found by ocompering it with rage lines
of knowr. length placed every meter along the sides of the chute at the
same elovation as the #xisting water surface. Matoh boxes were chogen
for Tloats, in order to> prevent the extinguishing of the light sourse
by tha‘surrounding weter spray. Such a fleat Projecting relatively
iigh above the weter surface encounters a small air resintﬁnce. which
will be discussed dator. bvidently, ‘this proocedure is primerily adepted
to an Instent when the float is in-a region of uniform velocity. Only
with the lavgost discharges of testssries V, in wiich absolutely uni-
forn stretches did not exist, were several luminous fleats releaged
-sinultancously close behind ome another, in order ‘to arrive at -the
trend of the surface veloeity in the longitudinal direoction.

- To Tind the actual time of exposure, was not so simpls es to
measure the path described Ly the float. The time of exposgure had to
‘be as siort as possible (about 0.1 second)-for'the_qtaqp.ohutoa,‘cnn-
sidering thefhigh velocitles :and the relatively short uniform paths.

At first the time was measured by .photogrephing on the same film a
clock, placed near to the chute and having & luminous hand noviang ovef
a black face, and the luminous float. The elapsed time was found by
simple division fiom the anpular veleoity of and the angle travereed by
ths hand (a stop watch was used ‘in determining the enguler veloeity),
the movement of the hand over the black face recording well on the film.




Howevar, it was shown thot the-motibn-of'theuhand, in spite of.a-bél-

ance wheel, was not acsurately unifﬁ;m and, further.‘theualapsad'time
could not be determined with the.reqﬁired’aucurauy hy-simply.using:n
stop watch. For exampla, ‘ip the velodity iz to 'be determined within
‘AN Kccuraacy of ha 5;peruent,,the-tima‘hust'be-acuurutely;maasurad*to
k4 0.005 second,‘uaauming-an.elupsed timg ‘of “the .expogure of about. 0,1
éecond. Since such-an accuracy could not be atteined with this method,
the time had to be'measured'in'same~other§way. This was afforded ‘by
the use of an are ‘lamp supplied with elternating current (25,000 .CF).
The lignt emitted by an arc lamp, ag ig w&il known, is not of constant
1larly from mnximuﬁ‘to mininun corresponding
to the reversals of the.poléa‘(equal to twice;the frequancy). ficcorde
ingly, the path of the hangd iszrecordad,not.aé‘a‘unirorm white imaze
on & derk background, but as a geries.of isola#ed white imazss on a
dark background. If how the frequency of the a%ternating current
amounta‘£0‘50‘cycles ber asoond, the nuwiber of ﬁﬁle:revors&ls 1a 100;
‘hence, the time ‘between two consecutive.posifionéjof the handwig ag-
curately 0.01 .sgcond, .The'totalﬂtima.of«exposure-is;obtainad,fbom
“he number.of imazes of the hand. Usging this method, it is evidently
unimport&nt whether the hang moves with uniform nngular velocity .or
not. Since the frequency, in consequence of the diflerent loads im=
posed on the transmission network, .at most -warieg abcut two percent,
an accuracy in the measurement of the ‘time between two successive
Positi is of the hands of 0.004 second was achieved, or about four
percené; Accurate exporiments proved that this_percantgge in the most
unfavorable tests should he inoreased‘perhaps hy a‘small\amount:&s a
result of the difficulty .in reading the (irst and est positions of
the -hand, The totel Probable srror can therafore be taken as -about
five percené*for:the mnost unfavorable.oohditions, _Tho}dosired.valocity
is given by dividing the .lenpth of ‘the path of the float by the time




thug determined, The :surface rﬁlocity‘at a,pointwis¢dbtainedﬁﬁy‘fhia

‘method -or, to be more. accurate,- the averafe ovaer the width: of the matoh
box - (about -one~-seventh :of the total:vddth of the. chute) A knowledge
‘of the ®average surface velocit"" was: necessary for the further analw
.¥sls. Since the float .evidently did not move accurately in“the middle,
the corresponding reduction could nthIBIIGW’accord*ng'to a definite,
fixed ratio, but must:be evalumted by . considering the ‘position. of the
float at.e given ingtant. The: ‘Maverapge surface velocities™ obtained

in this way-are given in the. following teble (table I) end are dencted

'D'o-

It should be mentioned that .the teorm "averagé‘sﬁrface'vclocity"
thus obtained, is not absdlutely correct because the flont has various
depths of immersion as a resilt of the different :degrecs .of aeration .in
a single test. Therefore, the- calﬂulated -values.do not give ‘the exact
‘surfece velocities. :In the ‘Tollowins, the assumption ig: made that an
increase in the velocity .ol ‘the float. This: assumptlon appaars Jus—
-tifiable because, Bs the tests siowed, the water portion of the wetor-
‘2ir mixture increases rapidly from top to bottom;:therefore.water;par«
ticles et the elevation of the boltom.of the float pley the chief part -
"in impelling the float. The elevntion‘of:theabottbm.of the,float:was‘_
accurately .determined by -stretching wires. ecross ‘the chute-at such -an
elevation that-the mateh box could :float under the wire cloge to but
nnt touching ‘it. .The correct elevation of the bottom of the flcat
was giver with sufficient accurecy 'by the elevation of the wiras .above
the bottom and the height of mateh box. .Check caloulations ‘Tor the
‘elevation of the bottom of the float on the basis of the specific grav-'
1ty -of the water~zir nixture.and Archimedes principle gave a good

‘&greement with the direct observations.




‘Nomexiclature

‘angle of “inclination of the chute.

ered -of the cross section.

specific weight of water

apparent specific weight of the water-air mixture;“

h = velocity head at a point in water,

velocity head at @ point in the mixture of water ‘and ‘air.
average of hy over the entire c¢ross .section. B
‘ratio of the volume of water to the velume of the watar=air
mixture et a point. '
-ratio of ‘the volume of air to tho volume of the water-air
mixture at a point,

average pf py over the ontire eross seotion.

Qy = discharge of water only.

discharpe of water end air .combined.

hydrauiic radius

.depth of f{low normal to the bottom of ‘the canal.

distence of the bottom of the floet above the 'bottom .of the
depth measured at the edge of the Rute chute.

-average depth of flow.at.e cross .section.

everage depth. of unasrated flow = pet .
velocity .et.a point.,

average velacity over the entire cross saction.

average "surfnce velocityMas measured by the float.

average velocity computed from the surface velooity,

chute,
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Deternination of the Averare
w

' Velocity at a Cross Section and the Awarage Aeration o

Ag already mentioned in the foreword, the dotermanation of the
velocities at any point in the oroas section meots with fundamental
difficulties as & resuit of the aeration. Two indapendent variablea
enter at the sams time (veloocity and aerntlon), The calibration ourve
of the instrument is ¥mown. The ‘average normal velocity curve (average
velocity over the whole width of the chute at various ' depths normal to
the bottem) was ‘determined 1n the following manners Sinee, with the ox-
captlon of test series V, the aeration did not reach a1l the way to
bottom, it was possible to esteblieh the averaze rormal velocity ourve
by direct Pitot tube measurements at least in the waerated portion of
the flow. The lower pert of the eurve'was obtained by this mears. The
Yaverage surface velocity®, v Voo found pnotographioally, gave another
point on the curve at the elevation of the bottom of the float. The de-
sired curve for v and t can be tolerably drawn through the branoh rising
from the bottom and through tols sirgle point. Only the top portion of
the curve is doubtful. T-is ie of no great import&nce in the further
computations, since the emount of‘wnter in the top layers amounts to only
& small percent, Flnally, 8 compariscn of the diaoharge computed from
this normal velosity curve and the actual dischargo, as will be shawp
leter, shows a good agreement.

The average veloclty at & oross seotion. cannot be set equal to
the arithmetiec mean of the 1ndiv;dua1 values of the valonity, because
there are different degrees of aoration at d;fferant deptha. Befofé
going inte the calculation of this average vulocity, a mathematical ex- .
precsicn for the term 'aeration“ must be derived. This aeems to'be -
necessary because the product of the cross-aeotional area and tho aver;
‘age valooity does not glva the actusl diacharge whsn aeration is proaent.

, The expression conaints of the inequalitys

ATV > Q

10




To produes an aquality,rn*radudfion faotnn.;p'.‘ths;percént-or weter,
lby.voluma; in the totel water-airvﬁizturé, must be introduced. This
Eives the eguatien: c ;

Gy = A,‘V.;pws  o (1)

or | p',&,___fﬁn._ : €1)"

' A, V. - ‘ ,

ifere it possihie-tO"méaaure diréctly.tha:disdharge‘aotudlly flowing
through an'isolated'horizontal-strip;:the velues of the .aeration in the
different layers eould ‘be determined directly. “let 4 .Q, reprssent the
disoharge:pasuingfthruugh-a hariaontai.strip wﬁbsé area‘iﬁ A A, and let

|
u denote the ratio:

Lo . . : : - | | ,125

- E
A A

then it Lfollowe from -equation (1) that

, _t R o
. -—il—?_!;‘._ m i‘f ‘ v (3) -
Py A A v v s

- , '
in which v repreaents'the‘actual\vélocity.taken,from-the;avnrgge
nornel velocity curve at the given strip area, Ade

of the experimental chute (figure -6). The'upstneamrend'or thisICDnduit_
wns placed at the lower end of and at various heights ahove the bottom
of the chute 8o thet the flow, as.itrwere,.waq'uut into twn;pants,;one
-of ‘which flowed throughathe.conduit,'the.othar‘undernagth its. The
11atter'diecharga‘ﬁaa‘oaught»by-amwonden-oalibration tank .of a .capacity
fof€gbout-Six-aubioimetqrﬁa ;Thﬁa,-it was possible to detérhine ¢he*va1&es
of A A .and AaQw.of.gg&atidn"z,.»Thia~method}should give aésehtialdyzoor-
ract 'values in tests withtamallgchannel'Squeq,forzexperimentai.diffio
culties, due to high velooities, did not enter. High welosities introduce

, 11




errors that are . not pernmissible. It was first assuned:thet using gheet
metel as thin as -poscible, would not disturb the flow very much, How-
oever, the stiffness of the sheet metsdl was not sulliclert to prevent
exass sive vibrations of the botitom of the conduit. A further diffloulty
‘lay in:acourately determining the ‘quantity of water flowing into the
.calibration tank in-a given tima. .ﬁbre.it'poasible“to.createfa\guiet
horizontal water surface in the calibration tank with high valecities
of flew, a furfﬁer ¢iffieulty would astill he encountered.as. a result
of the large quantities of water partly earated discharging inﬁo‘the
tenlze Yuch air would then be in the tank, .resulting in water depths
that are ‘too 'large. Considering these diffioculties the depth in the
tank had to be measured cautiously. This method was only used for
chesking the tests on the flatter slopes.

In comparisen with tiis method, the use of a Pitot tube .(without
‘an ejector) possessed greater possibilities for determining the actual
‘value -of ‘the average aeration. 'The upsirean leg of the Pitot tube had
‘an -opening-of .about two millimeters and could be moved up and down and
-orosswise of the chute. To reduce the ‘incipient, large pulsations, the
glass riser tubes:had.a relatively 'large diameter (50 millimeters).
Sinee, as is well known, when a static leg (girected downstream) :is. also

taken ‘into account, the velooity head, h -t » s given by the differ-
- 20 N

enco between the kinetic leg remiing and the static leg reeding. 1In
spite of the large damping effect, pulsationms persisted. Therafore,.
average readings were taken after observing the fluctueting water
columns for several minutes. Consequently, a complete Pitot tube trave
erse required four or five hours,

Before .computing the aeration (expressed by pw) from the velocity
head, several remarks. are in ordar. The weight per second of the dioe~
cherge, 4 Qu, flowing through & smmll strip of areca, A A ean be expressed
in two waysa |




¢

‘le By the discharge and the ‘specific weipght, ‘thuss
G =aQy o =484 VBl
‘2« By the volume of the water=-air mixture flewing per second

and the nppare:it ‘specific weight, Oy, » thuay

Gml Gy oy =sh Vo .

henee Py = .{:.;W{L_ . ' )

After these chort, prolininary remarks the correct ‘procedure for
computing the .asration from the velocity head should be Anvesatiguted.
‘The welocity head of the water-air mixture ‘cannnt .he uged for determining
the apparent specifies gravity, @y, » direotly. “This valocity head is

28
If the rising -legs of the Pitot tube do net eentain e fluid of specific
gravity, ayp, but, on the contrary, uneerated water .of ‘specific gravity
Gy» 85 ig actually ‘the case, since the ajir ‘bubbles eacape from the rising

legs in a ghort time, the following relation obtainas

il G

hw ' L
or IH'TL = h

‘oY ‘trom equation (4)

L

hor w DM
ML = o
‘Equating (5) and (6), we have

" Fw 28
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Five complete Pitot tube traverses were made for each experiment
for Tinding the avercge velue of the acration, pw, ovor the whole cross
gection. 'p, denotes this averape value. Pipuros 7 and 8 show the oom- 31}
puted values for test series II, with Q = .20 liters per second (0.706

gecond~cot). The measurements were made et five vartiqals, and a total

of 40 points was covered. The two grophs to the loft in figure 7 show
sample normnl velocity=-head ourves, while figure 8 ghows .cample hori=
zontal velocity-hvad curves. Tho nvorages of all the readings, inolud=
ing thoso not shovn in the fipures for the sake of clearness, are piven
to the right in fizure 7 and thus represent en average normal velocity=
head curve. With the aid of these curvos and the normal valoaity curves, vj;f
eorlier described, the meration index for & civen horizontal layer ocan :

be computed. ¥rom equaetion (7) we havo
- 2ghy B

FPigure 9 shows curves {or both py and v. lowever, it should be noted o

that the lower part of the v~curve, in the region where no\aeration
exists os was seen through the gless windows, is found rrom The fellow=

ing equetion, which is valid for ordinery <suditions:

v = \[2g T

By averaging the pyecurve, the final average aeration factor, Dy,
for the entire cross section is obtained. The pw-curves for all teéta
‘have practically the samé shaps. Aeration begins at the surface where
the porconteze of air, pp, = (1 = p,) = 100% and peroantage of water,
P’ﬁ"“og' '

As the depth incresges, tho percentege of air decreases rapidly
at first and then graduelly decreases to O percent at the elevation .of
the boundary layer (see fipure? ). This depth oorresponds approximately

* to the inflexion point of'iheloorreaponding vertioal valocity-headAdurwe.
Evidently, this limit is not sharply defined. Although the limit,p, = l,

A



.ocourred above the ‘bottonm in teot series.I to III,fit wasljﬁst at the b | .
‘bottom in series IV, and in series ¥V the neration et the bottom was
Pw = Q.83. Averaging the v-ourve doas mnot pive ‘the proper averaze veloo=
ity, ¥, for the whole oroass Zeotionibeoauaewof”the'vnriousldegreéh:of '
seration at different lovels in the flow. .Hmoh individuel velocity
must be weighted according to the aeration, pys &t the corresponding
depth. The mean velocity for the entire oross .zectiom was computed by
considering narrow hdrizontal:stripu thres millimetors high. &verage
values of v' and prfor each sirip were taken from the proper ; and p,
curves., The desired V is then computed fronm
y o by ¥ . 4 (9
I Yy

This oomputation procesdure can be checked by the:dihoharge, If A Qis
the discharge through a narrow horizontal strip whose area is A A, then

AGg=AAvY' g; '
and the total disoherpe is

Q=128Q (41e)]
The discharge computed from this equation agrecs woll with the dis-
gharge meesured by a weir. In order to-effect & ocomplete apgreement in

the dischaergos, pyw was :-computed directly from

Py =l ()
‘ AV

and not from the aversage of the pyg-values as described heretofore. V

is the veloeity computed acscording to oguation (9). These values of

V are shown in table 1 and they .do not deviate appreciably from the

‘previously computed -average values of v. :

‘The check method just described offers the principal means of
gatting up thercorreét-average vertical welocity ourve for test series
V, in wiilch considerable seration is present at the bottom .of the chute.
The bottom velocities were therefore deteémined:by extrapolatiag aux-

iliary ourves Lor Vg

and S (for equal discharpes).
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2
There is another method for computing pw.withoﬁt ineluding the
surface velocity meegurements. It is baeod on the discharge mee.sure=
ments and the avﬁrage‘velocity»head, i, cvar_the-entiré cross seo=
tion, ¢btained by finding the mean of the hy~curves such as the one
ahown to the right.ofvfigure Te ‘Corraapondingly. equation 7, which is.
valid for any single point, ¢an be mede tofapply,.wdth‘close approxi-

mation, to the whele croas ‘section by introducing everage values of

the veriatles over the whole croas seetion. Thus

Rﬁ.'éif#§1.4 j . (7

from equetien (1).

Voa 2.
APy

Introducing tiis equation into (7), we have,

2 o

By —'%—‘ ‘ {12)
25HA .

The values in column 10 of table 1, computed from this equation, in

genoral, are somewhat smaller than the previous py obtained by using .

v This mey be exploined, &s will be .shown at the conclusion of this

OI
investigation, L, the fact thet due to neylecting the air resistance of
the floact in measuring the surface velocity, avorage velocities wvalues

were obtained thot are too low.




‘Summary -and Co@pgrison of the

E;E_rimantal Weauxtn

In order to eliminate the unavoidable errors .of -observation and
to obtein a generdal idea -of the:accuracy involved, the following gruphs
‘wore prepared. .On-account :of the limitations of space, only the most
dmportent are reprodused herewith. Figure 10 shows the relation betwsen
v, and Q for the various slopes; figure 1l -shows the relations between
ty end tan a for various discharges, Q. In both -ceses a pgroup -of curves
are drawn erbitrarily through the .plotted points. In figurp.Iz curves
are plotted for .comparing ty and'theloombuted velues of vo. For find-
ing the average depth, tm wa.S Dlotted against tan a rather than egaingt
Qs for, primarily on account of the phenomenon of. aaration. no coherent
relation was found in the latter cass. Figure 13 is appl;cable for
finding the elevation, t', of the ‘bottom of the float above the floor
of the chute. Finally, in figure 14 the average velocity, V, for the
entlre oroas section and the average aération,pr. for the whole cross
section are plotted against the average depth, tp, over the whole ocroas
section. Table I is a summary -of the rosults.

Anelysis of the Regults

Thus far, {for the‘a&ké-of:aimplicity and the fact thet e rectan-
gular chute was -employed, the average depth, tpy, for the entire oross
:section has been usged rather -than the usuai hydrau1io radiua, R. liow=
ever, in order to genmeralize the test results, ﬁnwaa‘replaoed‘by-R.gin
the logerithmic graphs in figure 15. Five parallel, wstraight, daahed
lines corresponding 'to dilfferent slopes pass through the plotted:pnintap_

For comparison, the oomputed values from Rohbock'dlreyised:and:uompiete

‘lRehbook: Betrachtung'ﬁber Abflues, Steu - .und Walzenbildung
bei fleissenden Gewdssern. .(Observations on Discharge, Backwater and _
Roller Formation in ‘Flowing Streams)= Julius Springer, Berlin, 1917, pe4é.
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. form of the Ganguillet;kuttor.formulnl(n -30.010):ara‘given in the game

figure (deshed linos without points). Prom the flatter :s8lope of these
latter lines as compared with the Lirst set of lines, the amount nf
epergy dissipation due ‘to self-seration is to be seen.

It is worth mentioning that the ‘intersections .of the two sats of
dashed linBS‘falagoetween approxinately 3.00 and 3,50 meters per secoud
(9.8 and 11.5 f&é% per.éaoond). In .consegquonas of the smallnoss of tue
-angles of intersection, the nosition of the intersection peinis, os
reed, ‘are subject to error. The choicc of Kutter's n also has & mode
erate influence on the position of these interscctions. As has already
been mentioned, if the dlffxculty of the dafining %water surface" is
considored, it secms possible thet the intersections should lie Eome=
what lower, namely, at approximately 2.0 meters per second (5.1 feot
per second). In spite of this,.this graph does show thet solf-neretion
begins at &-definite velacity;“'This velocity may be considered to Lo
from 2 to 3 meters per :second (6.6 to 9.8 feet per .gecond) for smooth,
wooden . flumes; that is, the wulid raage of the .existing velocity formulas
vary probably extends only up to this limit. At -some greater velocity

the braking effect of aeration .comes into play.

Seme Supplementary Remarks

-an ‘the Phenomenon of Aeration

The underlying purpose of the preaceding investigetion was not to
study the causes ofiaerntion.‘yat there are some interesting fects which
may:oontributa to olarifying its behavior. If glass plates ere &ttached
to the end of the wooden .chute 80 as o form &n extension of the -two side
,walla. eeration of the under side of the jet will be produced, ginoe the

Jet on leaving the bottom .of the chute comes in oontact with the air. In

order to study the conditions on the bottom:and .at the end of the chute




‘better, pieces were cut*ouh;Qf*the:side-waiia,-extending~a11 the wﬁy"%o

+the bottom,‘and‘replaced'by‘glass;plates. ‘Aeration‘wus,prpduced‘ﬁith

‘& botton velocity af'B;OOcmgtafs;per.seopnd’(9asxfeet;per.auuqndl.  ihi§
test corresponded to tent.series I with Q = 44.51iters per geécond {1.57
‘gecond-feot). A gimilar condition .should ‘be observed ip .a woter jet
discharging f'rom a;ﬁipeﬁiina under presaure. tor this purpose a short,
wooden pipe of sguarekséotion:(inner dimengions } x 1 on.) was fabrie
-catod .and connectedtto‘n,pipe.1ine‘uhdar.preasure. The two side walls
of the wooden pipa'wnre:not‘uarriedhall the way to the endfbut, as in
the previous case of ‘the ohute, wera-supplementedlby'glass plates which
projected out .for some distance irom 'the end of the‘pipq, With thig
arrangement it was poasible to obaerve the sides of the flow hefore ang
alter it emerged from the -and of-the-pipe'proper; .A;ain'ch&r&cteristio
‘aeration wes observed at-thentqp”and'hottom,of-the Jet with en unsersted
portion between, If the jet ig.discharged under a laower pressure, it
retains its shepe, thére heing Ho disintesration of ‘the upper and lower
surfeaesg into individual water drops {baginniﬁg.of seration). .Ag the
‘vélocity was gradu&lly'inorenaed.,the-two.surfaoes—finst exhibitad.cone
siderahle rouzhness and then decomposed info individualxdrops‘ofawater,
and finally, as:the:valocity‘wasiincraased-still mnrd;:a‘typical_stnte
of-aeratiun:was_produced._ By careful‘obéervation, that velocity was
sought &t which the first soperation of drops of water (beginning -of
aeration) -ocourred. Although the beginning of thig condition was not
‘sharply indicated, thig velocityfmay be seid ta be.&PProximatelyzthrao
‘meters per second 19.8ufentéper second) which ig somewhat -smallor -than
the ‘limiting velus -determined previously.from.figura 15. vwhéther the
eause of this difference 18 to be attributed to.the:fact‘that,in-a‘etaep
.chute the air directly over the w.ater surface is‘alraady‘in-motion,hwhile
in the case.of the Pipe, the jet,\nftsr‘discharging from the end cf the
pipe .comes 'into concact wikh guiet;air;‘or,is'to‘be attribﬁted to the
uncartaintﬁ;in determining the !water;surraoe'.(in steap chutes); or
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whother other conditions play-a,part,'oannot'be'anuwered:horeﬁ Finally, -

1ot us turn back for a moment. Aeration, as determimed from the ear-
lier'investig&tion,‘begaﬁ in every case at 100 percent‘(Rw‘i‘o) at the
water surface and at e definite depth fell to O peroent (P = 1), With
‘the aid of p~ and veourves Plotted from the results of :aingle measures~ “
ments, ‘it was attempted to find that velocity up to-Which(aerntionﬂin-
oreaged or at=which'air‘bubblea‘wbra sti11'being ebsorbed. From figure
9 it is seen that the aerntion increases, for examplo, down ‘to ‘& depth |
of 7mm. (0,023 fest). This depth eorresponds to a velocity of 3.80
meters per second (12¢5‘feat¢per.aeoond9; If a1l other such cases are
investigated, velues ere obtained which vary betwecn the relatively
narrow limits .of 3.5 meters per second {11.5 feet per second); and 4.5
meters per second (14.8 feet per second); the mean lieg around 4.00
meters per second {13.1 feet per mecond). )

‘Varifioation-and.Gensralization

-of ‘the hesultsg Found for the tlodel

Chute on the Bagis .of Measurement
:of an Actusl Chute at the Rutz Worka

Asfalready mentioned at the beginﬁing, the chute in aseries V
of the experiments had the,samg'slope &8 the:waatewﬁy-at the Rutleofks,
.Since the completion of thig structure, geveral measurenents have been
mede .of the surfaoce velooity‘hxl , ‘ |

i1.~ RGhe1in“énd‘Angorar, three meamsurements in 1913.

2. ;dar‘VersQthanatalt £Ar Waseerbau (Viemna ‘Hydraulie
Laboratory) by order of the Bureau for the Electri-
fiqation.pf=thBVAuatrian‘Stnta Hniiwnya,‘four
measurements in 1923.

3.+ der viasaerkraftwerks « 4,.g {Whter'Pawer‘Plant-Compaqy.
WAG), five measurements in 1923. '
The dischnrge for the first onge wag determined from a calibrated

welr; in the last two oases from the inflow and outflow of @ regervoir..
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‘The storape action of the “eaarvoir and lntaka tunnels was ‘ot takan ;
into conmsideration. For hha determination of the dlschﬂrge from the - ‘
rogervoir in the second caue, two oomplete eurrent mster measurﬂmsnta  73»5
mede “in the tailraoe :of the turbina draft tubes aarved. end in the. tnirdf.G :
case, the dlsoharge diagram - of'the turbines wes used. Abne too preat - I
‘an ‘agcuracy could be expected in tho dlsnhnrge bhus maasurad.' A aome-"-
what greater ncouracy was attained in the .surfaoce valcoity meagurements.
The depth memsurenerts were mada at only one side of the chute in the
second and ‘third- cases, whlle in the first they were made at both sides.
BYmelin found that the weter surface ina transverae profils wag not '
horizontal, ‘but was dish-shapad. and furthermore, the depths measurad
ot the two banke of the trapezoidal ssotion showed a difference up to
10 centimeters {0.328 feet) et & 'discharge .of 3.4 oubic.metens per se=
cond (120 saoond-feet)- ‘Likewise, in spite of the ﬂyﬁmatrical errange=
.ment, similar conditions were observed in the model tests. With. this
oircunstance in mind, &s well as & lat Ler one . concernlng +the avereags
aeratlon, it appears that with the exceptlon .of the date furnished by . “ﬁ:*
‘Rimelin, the -depth of flow, in genaral, appears to be too large. It |
-aecms;permissxble, therefora, to reduce the meapured depths, t", to
correspond. Several considerations lead to the following relation for
finding ‘the adjusted depth of flows ' '
t = Q.8 t®

The difference t"=t amounts to 5.5 centimsters (0+18 feet) for the
meximum oe.se. This welue ocan be accepted in view of the difficulfy in
daterminine the ywuter surface. The‘complete results of thess;mzésufe-
monts are given in table IIIl. -

In order to diaozss the -average cross—aect:onnl velocity in terms
of the Tloat velocity, it is necessery to fimd e rel&tion between.V and
¥oe Lvidently, ‘here we are dealing with guesges. Rumelin 8 view is

that there iz & oonsmderable difference betwean these veloeities, gthere

think them to be about equal. The model tests of the Rutez wasteway to.
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8 scEle‘of'itloxshOW'a probaﬁlelratiofo£ﬂ;%; = 0«9« Therefore, this
: - ) : L

wns-uSed.infdll'furtheracalculatiunv

Bince the results of the messurements in table II .are evidently
subject to inevitable er'rors of ‘gbservation, the . eorraspondlnv welues
of £ and V, aad V and Qaye plotted in. figura 18 and :smooth ourves
‘drewn through the- ‘points. For practicdl oonszdaratlcns, 8 curve- fbr
-R-and V was substituted for a - ‘ourve Tor t and V. The adjusted values
of ¥ end Q for various welues of B in table III are taken from fipure
18« .The computed welues :of ‘the . -average acretion, expresued by

RS

‘aré—gi#én in the last Yine. ‘Ififhe:adjus?ad‘values of Rand V in
table III'are.plu+tad on'lowarithric Paper, as in Tigure 15, a straight
1ine mry be drawn Through the points obtained. This line fits the
‘points well and from it the effect .of aeration is readily discernible.
 Its slope devistes somewhat from the “8lope .of the lines found from the
‘model tests and this ney be.attributed to naglautinr the air reslstanoq'
‘of the luminous float. The ‘maximum deviation -ocours with Q= 44.5
Aiters per .seqond (1.57 second—feet)  LIf the devistion of the velocity.
4 V, is taken-as a measure of ‘the air resistance. ther, since the air
Tesistance is proportional %o the sguare of relative velocity betwaen
the float ‘and the .surrounding air, ‘we have

' 4V =K yR
If the 1ine Tound from the model tests - (f;gure 15) is- prolongad up-
 ward and the veloclty .differences .oomputed from this line enc the line
for the Rutz measurements, & reletion betwwen A Vend ¥V is obtained.
When plotted dogarithmically, .a straight Tine wverietion is cleerly
given, The tangenb of the . angle between ‘this line end the norizontal
axis ig 1.6, g0 that ‘the . -aguation of the line becomest

AV u Kyl

Thus‘it‘isAaeqn,fthat the velocity difference ceused by the air
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‘résisthnce‘iaﬁupproximntely proportional to the square ‘of tho: avurago

eross~gectional veiudity‘ The unimportent Qeviation in ‘the . exponents
may:be(éxplainud'hy the ciroumstance that the nip directly : ‘over the
water surface is not at rest but is actually movinw in the direction
‘of 'the water. :Thus thore is o complete justification for maklng 8
small corrsction -in the curve for R and V obtained by model axperimenﬁa
.(daahad‘linessinAfigure 15)s By doing this, the - oamputed velues.of ¥ P
in c¢olumn 7 of table I show o aell decrvase, so that .an ‘excellent
agreemont is obtained with the values of 2y in colunn 10, ‘which -are
somputed from the .average velocity head. The agresmont with theae
latter values of B, which are independent of the finat‘measuremants'
and their -attendant Orrors, is.a .further reason for justifying thrig
correotion. The .corrected . curves for R and L ?aro .shown .on ‘the righte
hand side of figure 15. From these lines, %t is -scen thet the percont~
age of water in-the totml watoreair flow. -deoreasas slowly with.an ine
oreasing hydraulic radiuas.. The wmore or less complete . Bﬂﬁttarlné of the
_polnts relating to the Rutz -westewny may be attributed +o the Probable
inaccuracies in.the discherge measurements., - The corrected curves for
V end . Q (dashed 'lines) for the Rutz wasteway, ing the.naw:relatiéns
for R and Y, and R and B we Bre pldtted1byswnyvor comparison in fipgure
18.

The Two New Formulas
The +two final relataons,
V = £, (R, &in a) .and By = L5 %, sin’a),

which we have been searcning for, are obtained dlrectly Lrom the loga~
rithmie graph in figure 1.5, Although the first function. may be repre-
sented by a single .equation, the gecond requires two parts, . acoording
‘to whether sin.a is gmaller or greater tasn 0. 476 (28,59, This 1imit
seems to ocrregpond ‘to that slope at which the aeration extends alllthe
'_way to ths bottom.of the chute. This view is corroborated by directly




Aobse#ving the.flothhrough=the glaas‘ﬁindqwiin“test:aariés,IVixain a

-0.444),:in.whiehlthis'aaraﬁiun.condition wag approximntely:reproduced,,

while Tor ‘test series I to 1II it .wag not ‘the case. ’
‘The ‘new formules '(in English units) ares

Vo= g7 39;52 sin a

04

:of V o p0+02 ,Jflain a

_8in a0l
:Theipﬂraentagé of ‘water ‘in the :total water=air mixture is.ex-

,presued‘by'the‘fbllcwing‘twouaqudtionat

~0,05 . ;0.26

P =42 R in Lor 8in a < 0,476

JR"n<30.R'O‘05rain d‘0'74,for,sin'a > 04776

These ‘equations ere ‘valid for artificinl ‘chutes of drease&-wood

‘and &pproximntely:tectangular eross aeation. They are repreaented
logarithmically in Tigure .19 for practical uge. They are walid up to:

R-=0.30m. (0,98 feet) and 8lna = 0,707 (a = 459,
1t is seen from this graph that within the_givon‘valid_range.an
upper, limiting wailue for themvelocity.Eindependent'ofntho hydraulic
:radius and the -slope, is not yet reached. The,guestion..whether:tho
curve of R and V with gzreater R=values fogquires:a .steeper slope and
Finally ends vertisally, caanot be enswored on .the basis.of the axe~
pPeriments made heretofore.

further}ann;yuia.fuinoe,for steap
n .8in a = 1 /(vertical chute), the air
enters at only one gside, the.othor.threé:sides'baing protected from
the surrounding air by walls, ‘An tOrxheﬁdoveiopmantnof the aeration,
it is to be emphagized that with egualzuallwroqghnoan.ithe slope is the
most importent faotor,.and1the'hydrau110;radiua-and:honce the;@epthfare

only minor factors.
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Finally, attention ehould be called to a- clroumstance which mey
be adapted to clarifying the preblem of self-garation from anothar
point:of view. 'If the simultaneous values of 'ty and V are taken from
The results of & single experiment and plotted on ‘logaritimic paper,
the graph on the lefte=hand side of Tigure 20 is obtained, The :
frictional effeet of aeration is clearly siown in that at the larger
slopes, other conditions remaining constant, the.dspth suddenly ine

crenses with increhsing slope. If the averaze depth:.at a .oross.sace

tion is multiplied.by the earation ratio..Hw'or
tr a 1’“, t

and the simultaneous values of tp and V are plotted in a gimilar fagh=
ion (right-hend side of figure 20), the disturbing aotion. of aeration
is again brought out. It should .be .remembered that the values of V
and By are taken from the correctad lines_of.figure 15 and that the

chute is rectangular in eross .sestion.

Concilusions
e tac e by

.The foregoing investigation was undertaken to olarify the prin-
.ciples of flow in steep chutes, and the Phenomenon of aaration, The
degree of self-seration is denoted ‘by the percent of water, P, in
the total water-air mixture. The relationi

Q=4 VP,

sorves to express the measurements.undertaken in‘e ochute, V is the ;
average velocity at a oross sestion, and Py is the average.seration in
the two principal equations I and II or the graphical representation in

figure 19. These equations are valid for artificial chutes of dreased
wcod,;with-approximntely;reactangular.cross-sectiodl Although no state~
ment of their absclute eccuracy oen be given, in view. of the difficulties
of establishing 8.aingle argument for such, they ahould serve e useful’
purpose to tho practicing encirser in designing new structures. .In the
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interest ol the continuous deﬁélopmant‘of'the‘khochdga caﬂoerning:Pqu

in steep chuises, let.the deaire bo.etpéessod-thnt‘the'rd~u)ts of ‘va=
locity and discherge. measure:cits at all ‘sueh exigting structures-be

-given the widest distribution poasible.
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