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SUMMARY

In the theory of flow in open chaunnels two sbtages of flow
with prinecipally different characteristics have to be considered,
streaming flow and shooting flow. The velocity of flow in the
first case is smaller than the velocibty of propagation of trans-
latory waves, in the latter case it is larger. The phenomena
occurring in streaming flow are well kmown and theoretically solved,
if we neglect the influence of friction. This latber simplification
means that the velocity has a consbant value for each point of
the cross-section. For this assumption also the theory of the hy=-
draulic jump has been successfully attacked, where the sbtage of
flow changes from the shooting to the streaming condition. The
present paper, howsver, deals with problems of flow of the shoot-
ing stage only and extends the theory of hydraulics to all cases
of supercritical flow, where the variation of depths and velocities
due to changes in the dirsction of flow is desired.

An outstanding example of such a type of flow is the case of
curved sections in a rectangular open chamnel., Thils case has
been investigated in the following analytically by the principles
developed, end its solution was then comparsed to an extensive exper-
imental investigation. It is showm that an adequate solution of
the case of high velocity flow in curved sections of open channels

has been found.
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TABLE OF NOTATIONS

(Used in the Discussion of Reésults and in the Analytical Derivations)

d = variable local depth

d

o = critical depth

do

average depth in the channel of approach
ht = maximum depth at the outside well of the curve
b = width of rectengular section

p = wetted perimeter

m = hydraulic radius

Vo = average velocity in channel of approach

v = varigble local velocity

v, = ¢ = oritical velocity = weve velocity or celerity

§ = totel digchargse

g = discharge per unit width
s = slope of flume along centerline
g = acceleration of gravity = 32.2 ft/sec.2

n = Menning's coefficient of roughness

R = radius of curvature of senterline of flume

e = esniral angle of turn

©
1]

central angle from beginning of curve to first maximm
p = veriable local value of wave angle

B, = wave angle at the beginning of the curve



A. TINTRODUCTION

The investigation presented in the following started origin-
ally as an expefimental study, from which information was desired
on the behaviour of flow at high velocities in curved sections of
opeh channelé. In order to simplify the approach to the problem,
the cross-section of the chanmnel wes chosen rectengular with zero
cross-slope. The range of velocities to be considered was such
that at any point the velocity stayed above the critical. For the
latter condition, it was found, that the laws and formulas that
are used and proven correct for low velocity flow failed to yield
any results consisbtent with the experimental oubcome of the study.
The theory déveloped thus far for supercritical velocity deals
only with straight flow and parallel streamlines or with the trans-
ition from the supercritical to the subcritical stage as encountered
in the hydraulic jump. In order to obtain a fundamentally correct
basis for the analytical study of the problem of flow in curves at
velocities which stay always in the supereritical renge, the hy-
draulic theory had to be extended to cover the case of wvelocities
varying across the width of the chanmel in direction and magnitude.
In other words, the laberal component of the welocity-vector had
to be teken into consideration besides the longitudinal one, The
vertical component was neglected. Since so far no other attempt
exists which deals with the conditions present in this problem, it
is well to recomsider generally first the factors governing flows

at supercritical velocities and to define clearly the properties.



B. AWALYTICAL STUDY OF SUPERCRITICAL FLOW

I. Supercritical Flow

Be Definition of Supercritical Flow and Wave Velocity. The

best illustration for the conditions existing at supercritical ve-
locities is given in Fig. 1, which shows the well-known specific
energy diagram plotted for the range of conditions as existed in
the experimental investigation. The range covered by the experi-
ments is indicated by the shaded area. The boundaries of this
area are: On top and bottom the lines of maximum and minimum dis=-
charge, on the left the range .of vélocities existing at l%% slope,

and on the right that for the 10% slope.
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This diagrsm was obtained by plotting the specific energy
. u* . o an
defined as E = d + 37 8 s a function of the depth d .

The expression for E can be modified, since ¢ = vd, to

P

%
(1) E d + 'E%‘d_z

For constant discharges @ the curves shown in Fig. 1 can then be
drawn. We find that ebove a certain line, where the slops ¢f the
curves changes, all the curves approach asymptotically the straight
line E =d . The percentage of potential energy as expressed by
d in the above relation is here apparently the larger one. If the
depth diminishes the value of E depends more and more on the
second term iun the relati&n or, in other words, on the velocity

. where the 6lope changes .
head. The point of imfleetien of The curvesYis seen to give the
minimum value for the specific energy E . We therefore obtain
it by differentiating E with resyeét to d and by putting the
derivative equal to zero. This gives v ={ygd . The values of
d and v obtained by this process are called the critical depth
and the critical velocity, respectively. They are defined there-
fore as the depth and velocity at which a cerbtain discharge can
£low with the wminimum amount of energy.

The significance of critical velocity for hydraulic problems

is augmented by the fact that it is approximately equal to the
velocity of propagation of waves. If we assume the wave height
infinitely small, the velocity of propagation becomes equal Lo

¢ = YEET o This relation is arrived ab by applying the principle
of conservation of momenbum. Assuming agein a constant discharge

q per unit width the total momentum M will be



2 2

M = fL-\I + = = a9 d*
d 3 2 gd T =
If due to some disturbance the depth d 1is changed to D ; the
' 2 2
momentum will be My = égt_D + g—- o If M, and M, are

equal, we have a state of equilibrium end the assumed disturbance,
where we have the change from d to D , is stationary. We can
express this condition slso in the following wey: +the velocity
of propagation of the disturbance has become equal to the welociby
of Tlow of the fluid enbtering into the zone of disturbance. There-

2 dZI 2 D'.', .
—_— = + = nd de TeD
fore E%t + 5 ;% - and since q = dev & ¥V

@ v = 190 [L(i+R})

We see that only for the relation -E = | we obtain theoret~
ically a velocii:y of propagation v = ¢ ={gD which may also be
called celerity. However, practicelly the numerical value of
‘{é—(l.‘. %) /differs from unity only for 1arg\e veluss of -g— .
Therefore it is possible that for these cases a wave of large
height as compared to the depth can travel upsbream even if the
velocity of flow is equal to a v somewhat above the critical
value v = {pgd ,

The eritical velocity of flow and the velocity of propagation
of shallow depth water waves coincide only if the wave height can
be neglected with regard to the depth.

b. Froverties of Flow at Supercritical Velocities. From the

definitions given in the previous paragraph we can draw a number



of conclusions which are of decisive value for the problem in
guestion. The most oubtstanding difference between flows occurring
above and below the critical stage is, that disturbances generally
cannot be prepagated upstream or, in obther words, downstresm con=
ditions camnot affect upstream ones. The only exception to this
‘rule are waves of large height for the reason discussed in the
previous paragraph. Thus, for example, a piler or other obstruction
in a stream flowing at supercritical velocity camnol caunse an in-
crease in depth at any point at any appreciable distence upsbream
from the obstruction, unless it does so by causing the fliow to
paess oub of the supercritical range, When this does occur, it is
shown by the presence of a hydravlic jump. Howsver, if the flow
does remain completely in the field of supercritical velocity, the
disturbance is propageted in the direction of flow. This can be
represented by a disturbance propagated in all directions from the
obstruction with the wave velocity superimposed upon the velocity
of flow. Since this latter velocity is always greater than the
former, there will be no resultant upstream components. The limits
of the disturbance will be a V with the apex at the obstruction,
i,ee similalr in appearance to the bow wave of a boat. The angle
of this V 1is egual to twice the wave angle.

¢e. Boundary of Disturbances, The significance of this bound-

ary should be gnalyzed. ©Since it is the limit of the distburbance,
it follows that no disturbances can be propagated upstream through
it, though they are, of course, propagasted along it. Thersfore it

follows that, if the disturbance is caused by a change of velocity



only the change in the component perpendicular to the wave front
can produce a change of elsvation. These unique properties of
supercritical flow hold the key to the solution of many of its

problems, of which the flow around curves is one.

PATHS OF WAVE FRONTS

CURVED FLOW
T

=77 - R:OFT

v:9.4 FY/SEC c=\qd =126 FT/SEC

STRAIGHT FLOW

Figure 2

II. Laws Pertaining to Supereritical Flow

2. Derivation of Wave Angle, We are now in a position to an-

alyze the interrelations which must exist in the case of combined
flow of water and wave propagation. We know that a stone dropped
into still water will cause a circular wave travelling from the

point of disturbance with a radial celerity ﬂg « It is easy to



imagine thaf a rectilinear flow superimposed on this cifcular wave
will disbort the circular patbern, since the part of the wave
travelling upstream will proceed with a resulbing celerity of
fed - v and the part directed downstresm with the sum of the two,
{58 + v . If we accelerate the flow now %o a point where’fga =v = ¢,
we see that the most the disturbance can do is to send a wave out
perpendicular to the direction of flow, while the celerity in the
downstream direction has becoms ¢ = 2 V?ﬂf « If the wveloecity of flow
increases further, the disturbance willvbe propagated at an angle
f> to the direction of flow, given by the relation sinft = £
sinf3 = _@— « If the disturbance is a permanent one and
the {low conditions are constant, the angle I3 stays constant too,
and we obtain a straight wave front progressing from the source
of disturbance at an angle 3 with the direchion of flow, till it
is interfered with. If & wave hits & wall, it is reflected and
travels back under the same angls {3 o« If two waves cross each
other, they do not interfere, unless the water flowing past a
wave front has suffered a change in direction or velocity due o
a finite wave~height, then the wave crossing into a region of a
changed depth and velocity will proceed under a new angle deter=
mined from the new values 4 gd and v .
In the lower part of Fig. 2 is indicated a rsctilinear flow
in & straight chamnnel of constant velocity and depth. I we

cause e small continuous disbturbance at the left entrence-ssction

at cpposite points of the walls, the wave fronts starting from



these points will form the diamond pattern indicated in the pic-
ture. Such patterns have been observed and photographed meny times,

If neigher the depth nor the velocity and its direction stay
constant, but vary as the wave progresses, the patitern of the waves
is distorted accordingly end, in the case of a curved flow, assumes
the form shown in the upper part of Fig. 2.

b, The Influence of a Change in the Direction of Flow.

1. General Law. The wave lines in Fig. 2 represent
only waves of infinitely small size. If we have finite values of
wave helght, the flow passing under such a wave will undergo a
change in velocity and depth in agreement with the law of con-
servation of momentum. In this case the change of momenbum of the
water passing the wave is therefore proportional to the change in
depthe TFurther, according to the derivation of the wave veloecity,
the direction of flow is perpendicular to the wave front, which
means that also the accelerabion under a wave must be perpendic=-
ular to the wave front. If the direction of the flow is obligque
to the direction of the wave front, only the component w, of the
velocity normel to the wave front can enter into the problem,
while the tangential component vy remains unchanged. Expressing
these statemsnts now in mathemstical terms, we have as a furbher

fundamental equation of our problem

(3) Lv, av, ~ -rad

2. Conditions for Application to Flow in Curves. The
previous discussion of the fundamental facts of supercritical
flow and of the mechanics of pressure translation will be extended

to the case of flow through curvess In the literature of Hydraulics

so far, no attempt has been made to analyze the case of high velogity



or supercribtical, flow in curves. Only the case of lower than
critical velocities in curved channels and river bends has been
attacked and solved for cerbtain assumptions satisfying within cer=
tain limits average natural conditions, The basic assumptions for
the formula normally applied to curved flow are the following:

{a) +the velocity of flow is constant throughout the cross-

section

(b). the direchion of the streamlines is parallel to the walls

(¢} the velocity of propagation of the disturbance is greater

than the velocity of flow.

For these assumpbtions we can arrive at a solution immediately,
since the only forces perpendicular to the flow in a curve are
centrifugal force and counterachting it a static pressure force.
Calling the difference of the depth at the outside and inside
walls h , further assuming an average curvature of the stream=-

lines 1/R, we can write for a unit length of fluid the following
' 2

equation of egquilibrium: 35%?- = K’hfd~ wherein h is
small against 4 . Then %.bd_ l"; = X’-hol,

- Vb
(4) h Ra

We see that according to the derivetion not only the previously sbated
three assumptions have to hold, but also the superelevation h must
be small as compared to the total depth d and b must be small
against R .

Returning now to the problem of supercritical flow, we find

that only the first of the assumptions made for the derivation of
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2
the relation h,=¥%§:can be maintained. We may with even better
accuracy introduce v = Voesn * since the velocity distribution

tends to become more and more uniform with highsr velocities.

The second assumpbtion, however, of all the water moving par-
allel to the walls camnot be maintained any longer in the light of
the previous discussion on the significance of the critical ve-
locity and wave velocity.

In changing the direction of a flowing stream we have to
accomplish a change of momentum of the flowing water. This is
done by & pressure force proportional to a function of the angle
of turn, f (&) . This force is built up along the oubside bank
of a stream, since the velocity vector there has a component direc=-
ted toward the bank, The same happens along the inside bank with
a negative sign however, since the water has the tendency to flow
away from the benk. This is identieal with the statement that
the beginning of a curve must be the beginning of & series of ine
finitesimal pressure disturbances nesr the two walls. Remembering
that pressure changes can only be transmitted to neighboring sec-
tions with a velocity equal to the wave velocity, we can express
the distinction between the cases of curved flow sbove and below
the critical velocity and find a new method of atback for curved
flow et supercritical velocities,

If the velocity of flow is below and, &s in most cases, far
below the weve or critical velocity, any pressure change or
pressure gradient is communicated upstream and therefore reaches

all the stresmtubes of the cross-sectione. All the streamtbtubes
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stay approximately parallel to the bank end continue in curved
pathse The formulae derived above corresponds therefore to actual
conditions and gives, perhaps with some refinements, the true
velue of h in this case.

In the case of velocities of flow higher than the critical
we can state the problem according to the foregoing discussion as
follows:

The pressure change along outer and inner wall at the beginning
of a curve cammot be communicated over the entire section at once.
It reaches neighboring streambubes only at points downstresm, lying
aleong the imaginary wave front, which forms an angle @ with the
direction of flow as discussed before. Any particle in the stresm
will therefore keep its directicn of flow until it passes under &
wave front, where it becomes subject to an acceleration normal to
this wave front. The particles moving along the centerline stay
longest undisturbed.

The acceleration force affecting a perticle passing under a
wave front can be negative or positive, the component, v, s normal
to the wave front can bé increased or decreased and accordingly
the depth below the wave may be higher or lower. This depends only
on the boundary conditions. 1t is evident that a wall curving
toward the center of the stream, and therefore obstructing the
flow, will cause decsleration of the flow and inecresse of depth,
while a wall curving eway from the stream, allowing thereby an ex-

pansion of the stream, will cause acceleration and decrease in



depth. Correspondingly we nmay call these wave lines along which
a constant impulse is transmitted from the boundaries, "compres-
sion" and "depression waves". A curved channel will give rise %o
both kinds; compression waves along the outer wall and depression
waves slong the immer wall. DBoth compression and depression waves
cross the stream and uvltimately reach the opposite wallse Since
the compression waves give an acceleration toward the wave front
and cause an inecreasing depth, successive waves must converge and
the surface slope must become steeper., The depression waves have
the opposite properties and therefore successive waves diverge,
and the surface slope becomes flatter. In the case of curved
channels the two kinds of waves are started on opposite sides and
therefore they bobh turn the streemlines in the same direction.
This means that afber they intersect the effect of the direction
change of the streamlines is added up, while the influence on the
depth by one wave is counteracted by that of the other.

The practical application of fhis to our problem is the follow=-
ing: The depth will rise along the outer wall and decrease along
the immer wall until the waves, which started due to the beginmning
of curvature at the respective opposite walls, have completed cross=-
ing the stireem. From this point of intersection of wave and wall,
the depth change must continue with a reversed sign.

According to this discussion and former statements we are now
in a position to determine by mathemetical approach the following
items:

(a) the shape of rise of the depth along the outer wall of



the curve (alsc the corresponding drop along inner wall)
(b) +the location of the beginning of the maximum depth
renge
(¢) +the magnitude of the maximum depth to be expected at
the oubter wall of a curve,

¢ Derivation of Elevation Produced by Change in Direction

le Discussion of Possible Assumptions. Before we entber
into the methematical derivations, we must gain & somewhat clearer
conception of the nature and properties of the assumptions on which
these derivations are going to be based. Theoretical fluid mech-
anics usually deals with frictionless ideal fluid and therefore the
next assumption is to neglect the influence of friction. Neglec-
ting frictional influences means to consider a uniform initisl ve=-
lecity over the entire cross-sections This assumption holds in
high velocity flow phenomens betiter than in ordinary cases, since
the velocity gradient near the boundaries becomes very steep and
the mean ﬁelocity aﬁproaches more and more the value of the maximum
velocitye This can be easily seen from the velocity distribubions
measured end pressnted in this report. With frictionless flow
assumed, it follows that the energy must be consbtant, i.e.
E = CL*'%;t iz constant for every point in the curve. This assump=
tion implics thal, fcr increasing depths d the veloceity v must
decrease and vice versa, In the case of flow in curves therefore,
the velocity becomes lower at the ouber and higher near the immer
wall,.

However, scbual flow conditions with real fluids dictets the
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reverse effect: i.e,, for the same surface roughness and bed
slope the velocity of flow in a given secbion should incresse
with increasing depth and vice versa, as may be seen from Chezy's
simple equation of flow. (V = Cyms)

Velocity measurements made in the course of the experimehts
all indicete that these two opposing factors approximately cancel
sach other, with the result that the average velocity remsins
constant in magnitude arcund the curve. Therefore, as sn albernate
to the condition of constant energy, it is loglical instead to as-
sume a consbtant velocity., Thus there are two possible sets of
assumphions upon which to base the derivation.

(1) (2) Chenge in elevation due to change in component of

veloelity perpendicular to the wave front

(b) TFrictionless flow

(¢} Energy constant

(11} (a) Chenge in elevation due to change in component of

veloelity perpendiculr to the wave front

(b) Tlow with friction

(¢) Mapnitude of velocity remeins constant although
direction changes

(2) Derivation on the Basis of Constant Energy (Set I)

Figure 3 shows the geomebtrical relations existing bebtween the
velocities. Weter flowing in the direction AB with a velocitby
v is forced inte & new direction AB' due to the angular change

in the direction of the wall.
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Pigure 3

AC represents the wave front and vy and v, are the com=
ponents of v , tengentiel and normel to AC. According to our
former statement (see equation 3)

Vo A% . Ad wherein v, = ¢

¢

and from Fig. 3 we obtain

(5) AV, - sin AG
v sin (90°~p +406)

if we assume the chenges A© and Ad infinitesimal we have the

relations
v
n
= Y dé
AVn cos [3

Putting V, = vsinfl, we obtain from the two above relations the

following differential expression for the depth chenge.

dd = ¥tanf-do

In this equation /} is a function of © and d and therefore
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must be expressed by these terms, in order that the equation may

be integrated. From the above Fige 3 we find

Vi {vi-c*
so that . dd L v*. <

do & fvr—ca
Introducing the condition that the totael energy must stay constent,

ies€e 2

E = d+ X = const.

24

v = fagED

we can transform the former expression into

dd _ a(E-DIL o
© 15 " far-ad 2Ed

which is integrable since E = const. If d is neglected against
E the approximate form given above is obtained, The integration

of the approximabe form results in

(7) d = (1 (&, 0)
T o - B(F - [F)
The exact integraticn gives

-1 Fd —l’} dy,
(8} @+ K = ﬁ-tan 1/3 5—{-E3—&}E - ‘l’a.n Z—-EBd/E,

(8a) wherein K = . -4 vE - tan~’ do/E
f3 - tan 113_2‘__340/5 an Va~3¢/5

The latter relation for @ and d may be solved best by plebbing

© ¥+ Xk ageinst d4/E. ¥ can be obteined from the same graph far

& = 0 . The limiting cases are:
(QL) = —%— for critical depth
E /max
o

and (%)min =



3. Derivation on the Basis of Constant Velocity. (Set II)

Figure 4

The figure is essentially the same as in case (I). The

. > . . ] - 1
difference is that in agreement with the stated assumption V =V

V.

L, — AV, = V-sin(p-a0)

(9) AV, = V-(sinf - sin(p-40))

From (5) and (9) we obtein for a new equation for Ad :
ad = ¥ sinp(sinp ~ sin(p- 46))
4d = L'sinp[(1-csa0) sin + cosfbsin A6]

55

1<,

assuning againAd and A® infinitesimal steps we obtain correspond-

ing to equation (8)

dd = -é’-z sin[&-cos/l-ct@
dd _ z
(10) 4 - FooT

L1 d
The integration gives (—2—+K = Ssun 25
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The boundary conditions are for ©@ =0 |, d=4d, and f3 = f3,
© .-t -

therefore s = Ssin _‘5‘.‘,.1’3 — Sin VSV__.A:

or since ~ sin p = .%é’_‘

W g - p-p
= _2—--}-[50

p
1) d = ¥osin*(prg)

de Derivation of Location and Megnitude of First Maximum.

ls Location of Beginning of First Maximum. Under ¢ were
derived formulee which will give the shape and magnitude of the depth
change along the outer and inner walls, These formulaes hold only
as long as there is no influence from the opposite wall. We found
before that the point where the first weve from the immer wall
reaches the outer is the location of the beginning of the zone of
maximur depth. TFor normel conditions, thet is for channels de-
signed sc that the depth at the inner wall does not become zero,
a close approximation for the location of the point of maximum
depth can be obtained by assuming that the wave front starting from
the beginning of the curve from the inner wall crosses the stream
as & straight line to the pcint of intersection with the outer wall.
The amgle between the direction of flow and the wave front is, of
course, = f3, . The totel central angle OO fram the start A of

the wave at the inner wall to the point of inbtersection B with
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the outer wall can then be derived from the geometrical relation-

ship given by Fig. 5.

Po ‘ . In the triangle AOB
90%-f,- 6 we know
4+ —_—m - OA .= R- Y
A ) "0 % BAO = 90° + 3,
o
A We can therefore express
& : the unimown 6, by these
Q_" known quentities with the
.g help of the law of sines.
|
m ’
R-Y% _ sin(90°~Po-G)
e, R+ by, sin (9o° + f3o)
R-bs _  cos(p,+9,)
o | « R+ by cos f3,

from which
‘ ~1 Y,
(13) O, = cos” [B2M casp] - B,

2. Depth in Zone of First Mexiwmum. The maximm depth
at the outside wanll is now easily determined, Knowing the average
depth d;o and the average velocity v, at the entrance section
of the flume The first step is to determine the wave angle /30

sin 3, = Agds

Vo
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T his angle (3, and the proposed curve dimensions R and b are
then introduced inbo relation (13), thus obtaining the central

angle GO to the point of maximue depth h' .

-1 R— by —
6 = COS £R+ B/Z Ccs f-"o] po

o

h* may then be calculated with consideration of the initial
: (")
remarks end stetements made under (&) of this chapter from any
(e

of ths equations derived under (a) by introducing the wvalue of

8, - It will be found that all of the equations yield sensibly
the same result despite the discrepancy in the assumptions on
which they are based., This is easily explained when it is remem-~
bered that these are all cases of high velceiby flow. This is
necessarily true for supereritical velocities; because for such
velocities é%; is 1arge in comparison te d , therefore even under
the assumption of constant emnergy changes in depth have little

power to affect ths velocity. Thus the two assumptions are achually

nearly eguivalent,
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C. EXPERIMENTAL STUDY

The experimental program was laid out originally with the
idea of meking model studies of high velocity flood channels of
rectangular cross-section. However; since the renge of hydraulic
conditions and of dimensions of the proposed prototypes was &
very large,one, the investigations had to be confined to typical
examples of such channels. The general layout of the experimental
set-=up is clearly seen from the picbure opposite the front page.
It consists mainly of a platform of 100 £t. length, which can be
adjusted tc any slope desired from zero ¢ 1 ¢ 10, This platform
supports the experimenbtal flume. The ﬁechnical deteils with
illustrations are given in Appendix I of this paper. In order to
make clear the significance of the experimental results as presented
mostly in graphical form in the next paragraphs an outline of the

procedure and of the extent of the experiments is given here.

I. Experimental Procedure

The typical procedure follewed in mslking en experimental run
wass

(1) The platform was adjusted to the approximate slopes

(2} The flume sections were asssembled, the curved portion

under test being preceded by a straight run of 40 feet in

length.,

(3) The flume was then adjusted with the help of en engineer's

transit, until the centerline was at the proper gradient over

the entire lengthe. The maximum deviation from the true grade
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was ﬁot permitted to excead 5/1000 of a foot at any point of
the 160 foot platform. Simultenecusly with this;all cross
slope was eliminated.
(4) A1l the joints were made tight and smeoth.
(58) A certain flow was established and the movable tongue of
the rectangular nozzle was adjusted, until the depth at the
entrence of the flume corresponded bothe eéuilibrium depth,
as measured just above the curved test sectiones This was an
added insurance that both the wvelcecity and the velocity-dis-
tribution were stabilized before the btest section was reached.
(6) Water surface profiles were then measured at the various
stations, which included four stations above the curved sec-
tion, 7 to 15 stations in the curved section depending upon
its length, and about the same number in the straight section
below the curve. This lowsr straizht section was from 20 = 30
fte long,ie. from 20 -« 30 times the channel width.

The above profile readings together with the kmowm quankity
of flow and chamnel slope comprised the necessary datsa.
(7) The above was repeated for various rates of flow.
(8) 1In a ddition to the above measurements, velocity distri-
butions were taken during the meximum discharge run.

IT. Schedule of Tests

Series of runs similar to that outlined above were made for

the combinations listed in tabular form on the following page.
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Schedule of Tests

Radius of
Slope Curvature Conbral Angle
107 ' 40" 22,5° end 45°
20t 45°
10t 45°
3-1/2% 401 22.5°
201 45°
10° 45°
1-1/2% 401 22,.5°
20! 459
10t 45°

Teble I is a brief summery of the experimental runs performed
in accordance with the above gchedule together with a subsequent
series in which compound curves were used. The latter series be-

girg with Run 78 and extends to the end of the table,



TABLE I.

Run Ko, Slope Radius Discharge Average Average Roughness
. Depth Velobtity
S R Q 4 v n
feet ce f. 8, | o8t  fedt

1 .0995 20 1.02 .096 10.62 .0082

2 : 1,515 .124 12,33 .0082
.3 1.988 150 13,38 .0083
4 1.844 138 13.37 .0080
5 1,475 .118 12,51 . 0078
6 .960 .09l 10,55 . 0081

7 .480 .055 8.68 .0073
8 1.295 .103 12,54 .0073
9 .705 .070 10,07 .0073
11 10 1.380 111 12.95 .0076
12 2.048 .147 14,03 .0078
13 2.037 144 14.16 L0077
14 ' ' 1.690 124 13.68 .0074
15 1.015 .091 11.25 .0078
16 .538 081 8.86 .0077
17 _ .338 .048 7.12 .0082
18a - .399 .0825 10.23 0078 *
18a : J391 .180 10,05 o078 *
18b +250 L0862 ‘ 8,07 o081 *
18b § .242 .059 8.28 .0081 *
18c 1.010 .152 13,20 .0083 *
18¢ .950 .145 13,20 .0083 *
19¢ 40 1,985 | .l46 13.88 .0081
20 ‘ 1.725 .134 12.85 .0082
21 1.283 J111 12,49 L0078
22 1.000 .089 11.22 .0077
23 755 1 «078 9.92 0077
24 , .755 .078 9.62 .0080
25 1,723 .136 12.67 .0083
26 ‘ 1.983 146 13,62 . 0081
28 . 0345 1,973 .200 9.92 .0076
29 1,503 3164 9.18 0075
30 .950 123 7.768 . 0076
30a 20 1.584 .380 8.86 ,0078
32 1,976 .202 - 9.78 .0078
33 1,015 .128 7.94 .0077
34 .755 .105 7.20 0077
35 10.25 .517 .138 7.54 L0083 *
35 9,75 .508 138 7 .54 .0083 ¢
36 10.25 .990 211 9.45 0080 *

Note: The width of the flume is b = 1 ft. Runs marked * ars for
the case of the curved section divided into 2 channels of
h = 5 1,
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Run llo. | Slope Radius Discharge | Average| Average Roughne ss
Depth Velocity
% R Q do v n
' feet co fu 8. fedt feel

36 9.75 .995 .212 9.45 .0080*
37 10,25 . 746 . 168 8.98 L0076 *
37 9,75 732 o163 8.98 .0076*
38 10 . 767 .109 7.04 .0079
39 1.980 212 9.26 . 0083
41 1.177 «140 8.40 .0074
42 1.500 .169 8.88 .0078
43 1,140 .140 8.17 «0Q"77
44 1.38 156 8.82 0076
45 1.685 .184 9.18 0079
46 1,975 208 9.48 .008k
47 1.985 . 207 9.56 .0080
48 AL50 1.440 «218 6 .60 0081
49 ‘ 10 .290 .166 5,95 «0079
49 20 .990
50 10 1.21 196 6.12 .00z |
50 20 1.21
51 10 1.685 243 6.94 - 0080
51 20 1.685
52a 10 2.35. « 004 773 <0080
£2a 20 2.35
o2 .0145 10 2.32 . 302 7.68 . 0080
52 ’ 20 2,92
53 10 . 500 . 107 4,67 0079
54 10 2,29 « 202 7.58 .0081
55 10 2.145 <284 7,55 .0079
56 10 .74 137 5,40 .0078
b7a 20 2,290 « 299 7.88 L0079
a7 20 2.305 . 2388 7.73 0078
57 10 2,305
58 20 2,305 299 7.71 0078
58 10 2.305
59 20 1.588 . 227 7.00 . 0077
59 1o 1.586
60 20 .80 146 5.49 0079
60 10 .80 |
81 20 1l.284 .197 6.42 0078
81 10 1.264
62 20 1.995 «R73 7.30 . 0080
63 20 2.31 <307 7.50 .0082
63 10 2.31
64 20 .80 148 5.48 079
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Run Yo.|’

Slope Radius Discharge Averare | Averare Roughness
Depth | Veloclty
s R ' Q, do "Vo had
: feot c,f. sec, feet, ft. /sec

6% L0145 20 1. 630 240 6,80 L 0081
66 4o 1. 94 , 260 740 L0075
67 1. 355 196 6,92 L0077
68 0.723 141 5, 1% L 0083
.69 1,115 .189 5,90 L0084
70 1,68 240 7,00 L, 0079
71 2, 42 . f’l2 7. 75 . 0080
72 2,22 501 7,27 L, 0082
75 2,01 L, 285 7.0% L 0084
74 1,687 . 250 6,75 L0083
75 1,31 202 6. 4o L 0079
76 1,00 L172 5,82 L0021
77 : 0.75 L1484 5,21 .008%
78 0745 | 40(7.50) 1,50 175 8,68 0082
79 +10(25°) 1.00 151 7.65 .0080
&0 2,40 L 230 10,04 L0081
a1 1.975 . 202 .78 L0078
2 0.5 .084 £.95 L0081
8% 10(25°) 1.00 122 7,52 L0081
84 +40(7.5°) 2.1 . 237 10,16 .0081
5 20(15°) 1,50 172 &, 72 . (080
86 +10(20°) 2,11 L, 220 9, 60 L0082
8 2.4 . 243 2.88 L0082
83 1.CO L1358 7.42 L0083
89 1.97% . 204 9.68 .0079
90 20(15°) 1,97 .210 0. 38 0082
91 +10(25°) 2,40 . 240 10,00 , 0082
02 ‘ 1.5 176 8, 5% L 0083
% 1.02 .135 7.54 0022




Ii1s

27

Gra-phical Results

The graphicsl results are presented in four series of dig=-

grans as follows:

(a) Wéter Surface Contour Meps. Figures 6, 7, and 8 all
present the water surface contours in‘aﬂd below the test

curves for the wvarious radil and gradients employed. It

ghould be noticed that all of the diagrams are for high rstes
of flowe In order to more clesrly present the information, #he
relative width of the charnel has been distorted six to one,
isee it has been increased to six times normal widbth. Special
notice should be paid to location and the even spacing of

the maximn,
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RADIUS 10 F T
DISCHARGE & &l
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RADIUS =40 FT 65

DISCHARGE = 242 CF ) 7000

SURFACE CONTOURS
GRADIENT =.0155

Tigure &
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(b) Water Surface Profiles Along Chamnel Walls. TFigures

9, 10, and 11 show the water surface profiles along the outer

and inner walls for the same runs whose cenbours are seen in

Figures 6, 7, and 8, It will be found easier to observe the
relative depths from ﬁhese’profiles than from the contours.
Attention is called to the relative heights of the maxima in

the downstresm straight sections in comparison to those in the
curves. Figures 12 and 13 are phobtographs of some of the typical
runs. Inspection of the pictures of figure 14 will show the appear-
ance of two maxima in the curved portion of the channel., These are

both in the 20 £t. radius curve with a gradient of 3~1/2%.
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() Watér Surface Profiles Alcng Outer Channel Walls
Figures 15, 18 and 17 are also diagrams of the water surface
profiles. In these, however, only the profiles along the
outer wall are shown. Bach diagzram consists of all the runs
taken with a given test section at one gradient. Each set
covers a wide range of discharges, The most striking point
brought out by this presentation is that the locations of the
maxime in one given channel setting vary very little with
change in the rate of flows However, & gradient change also
changes the location of the maxima, which move dowmstreanm asg
the gradient and the velocity are inecreased. it will also
be noticed that, for the same gradisnt, the points of maxima

move downstream slightly as the radius of curvabure increases.
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() Cfoss~Secﬁi0ns of Flow and Velocity Disbtributions.

Pigures 18 to 23 inclusive show cross—sections at the different
messuring stetions for the maximum discharge runs whose other
characteristics heve been shown in figures 6 to 11. The ver-
~tical scale is distorted two to one. The contour lines show
the wveloclity distribubions in the sections measured. Two
things should be noticed; first that the velocity distribubtion
at the entrance to the curve is very symmetrical and uniform:
and second, that very lititle change in the aversage velocity

can be observed in the sections taken through points of max-

imunt depth in the curve or in the downstream straight section.

3

his is further shown by the fact thet the planimetered crosse
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Tigurs 21 shows a group of profiles teken from a special
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ths chamel, sonverting it into two smeller ones, Figures
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D. COMPARISON OF EXPERIVENTAL AND ANALYTICAL RESULTS

I. Comparison of Analytical end Experimental Profile of Rise.

Three relations were obteined in part B for the change in
depth corresponding to a change in the direction of flows, Thes
can be used to determine the profile of the water surface along
the walls of & ecurved charmel. The first two, egquations 7 and 8,
are respectively the approximete and exact forms derived on the
besis of consbant energy. Equation 12 is tke exact equation ob=-
tained from the assumpbion of consbant velocity. Table 2 shows
a compariscn of the values obltained with these three squations
s compared to the msasured results, of which we saw the vlotbed
profiles uvnder C. The runs presented in the following teble were

chosen to cover the enbire range of the experimentsl program.

Figure 286 shows the sppesrance of the profile slong the

e




TABLE 2,

Run|Station| Slope Central |Messured Constant Constant
No. Radius Angle Depth Energy Velocity
Discharge © a d(equ.7)| d(equ.8) | d(equ.12)
radians| feet feet feet feet
3 | 39.82 . 0995 0 . 150 .150 .150 . 150
40.82 20' .05 .205 .201 .203 .198
41.82 1.988- .10 .253 . 257 .258 . 252
42,82 .15 . 310 « 321 .318 . 313
43.65 .191 » 349 2379 . 364 . 364
43.82 .20 . 363
44,82 .25 . 419
45.82 .30 . 445
11 39,82 .0995 0 L1110 .111 111 111
40.67 10 .085 2190 . 183 .183 .176
41,67 | 1.380 . 185 .288 .293 . 289 .278
42.67 . 285 . 392 . 429 417 . 399
42,96 .314 <411 .470 . 458 . 445
.| 43.67 4 385 . 485
44.67 .485 . 528
15 | 39.82 . 0995 0 .091 .091 . 091 .091
40.67 10 . 085 .143 .149 .148 .148
41.67 | 1.015 .185 .231 .236 233 .233%
42.67 .285 . 321 . 346 . 337 . 334
42.93 .311 . 350 . 380 . 372 . 363
43.67 . 385 . 407
44.67 . .485 .412
26 39.82 . 0995 0 .146 . 146 . 146 . 146
40.82 40' .025 .170 171 171 . 170
41.82 1.983 . 050 .185 .196 .198 .1956
42,82 .075 .216 . 223 .223 .222
43,82 . 100 .267 .254 .263 . 252
44,10 . 107 274 . 262 .263 . 260
44,82 .125 . 280
28 | 39.82 .0345 0 . 200 .200 .200 .200
40,82 40" . 025 .207 .221 .218 . 219
41,82 1,973 050 .227 244 « 240 . 240
42,82 .075 . 257 . 266 263 .261
43.18 . 084 .268 .275 272 . 270
43,82 .100 .280




TABLE 2 (cont.)

Run|Station|Slope Central|Measured Constant Constant
Ro. Radius Angle | Depth Energy Velocity
Discharge © d d(equ.?7) |d(equ.8)| d(equ.12)
radians| feet feet feet feet
29 | 39.82 . 0345 0 - 164 .164 .164 . 164
40,82 40' . 025 173 .182 177 .179
41.82 | 1.50 - 050 .189 .201 .199 . 196
42,82 .075 .215 .221 .218 .213
43.28 .086 .225 . 229 .227 . 223
43.82 2100 . 233
32 | 39.82 . 0345 0 . 202 .202 .202 . 202
40,82 20' .05 . 226 . 245 . 244 . 241
41,82 1.976 210 .285 .293 .290 .284
42.74 .146 . 320 . 340 . 335 . 325
42.82 .15 » 323
43.82 .20 . 329
39 39.82 .0345. 0 .212 .212 212 .212
40.67 10' .085 . 277 . 290 . 286 .278
41.67 | 1.980 .185 . 365 . 392 . 382 . 366
42.15 .233 . 393 . 444 .443 . 415
42.67 .285 . 426
43.67 - ,385 . 429
56 | 39.82 .0145 0 .284 .284 .284 .284
40,82 10! .10 . 351 372 . 366 . 353
41,63 | 2.145 -.181 . 388 . 450 . 443 . 410
4]1.82 .200 . 394
42,37 .255 415
62 39.82 .0145 0 273 273 273 .373
40,82 20" .05 - 301 2313 . 310 . 304
41,79 1.995 .098 .314 . 355 . 349 . 237
41.82 .100 . 318
. 42.82 - 180 . 331
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will be seen that the measured and the calculated values of
depth are in very good agreement. The three equations give very
similar results. However eguation 12 (constant veloeity) appears
to give values consistently closer to the observed points than do
—equations 7 and 8, Equations 7 and 8 differ hardly at all from
each other within the range of practical applications. On the basis
of simplicity and of closeness of agreement equation 12 is to be
recomendsd.

411 three equations are applicable also to the profile along
the inside wall and in this case give the fall., TFor example,

when used for the inside wall profile equation 12 becomes
v o2 o
(122) d = T sin ((5,—-27)

® has the negative sign because the wall is turning sway from

the flow.

IT. Comparison of Analybical and Experimental Maxima

Table 3 pressnts a comparison of the values of the maxima
celeulated from the same three equations and the experimental
values. All of the runs made with simple curves are presented
in this %table. It will be noted that in several cases there are
two sebs of readings given for a single run number, In every case
the second set refers to conditions in the retumm curve. Although
at the time this second curve was not considered as a part of the
test section 1t will be seen that the agreement between the analyt-

ical and experimental values is very good.



TABLE 3.
Run Depth Central | leasured | For Constant Energy | Constant
‘ Angle Velocity
g o ht h*(equ.7) | h*'(equ.8) | h'(equ.1l2)
feet ° feet feet feet feet
1 .096 119041 .281 0246 .243 <237
2 123 11°20 379 .326 .323 LE13
3 .150 10°58" 445 <379 .374 . 364
4 137 11923¢ .427 366 367 <360
5 118 11°29* . 351 .326 320 .513
6 .091 11°05' .257 .237 .234 .228
7 .055 11°34' 2145 .156 155 .151
8 .103 11945* +325 .300 303 . 204
9 .070 11°43' .200 .202 197 196
11 JA11 1802’ .528 470 .458 L 445
12 .147 17°42" 746 .612 .594 .569
13 144 17°49! 764 .601 .585 .575
14 124 18°16" .638 557 .545 525
15 .091 17°49" AR .380 372 .363
16 .061 17° 38! .242 243 .237 .251
17 .048 17°03" 176 .169 155 .145
18a ,0813 11°02" . 207 .214 211 .207
18a .0795 11°17" 252 .212 .211 .206
18b .062 10931 134 146 .145 14
18b .059 11%00' 151 .149 146 J146
18¢ 152 10°38’ .389 . 349 <367 . 359
18¢c .145 11%02" 450 333 2365 . 358
19¢ .146 6°06" .296 .267 .261 .259
2 134 6935" .260 .249 .247 .248
21 111 6°51" .230 212 .215 207
22 .089 6°19" .188 .167 .les .165
2% 076 6%1g" 2155 .140 .140 .138
24 078 6p4" .151 141 J141 .138
25 <136 6%23" 244 .247 244 .241
26 .146 6°08"' .280 .263 262 . 260
28 .200 497! .280 275 .272 <270
29 164 497" .233 .229 .227 .223
30 .123 493" .170 .168 .168 165
50a .180 g8%s"' 274 295 293 .283
32 .202 8%:2" .329 340 335 .325
33 .128 g%z2"' .206 .219 .216 .209
34 .105 8°40" 165 .183 77 173
35 .138 731" 191 .218 213 .218
35 .136 8°04" .234 219 217 .210
36 .211 794" L3217 337 .332 .321

55



TABLE 3 (cont.)
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Run Depth Central| Measured| For Constant Znergy | Constant
Angle Velocity
o a, o h' h'(equ.7) | h'{equ.8) | h'{equ.1l2)

feet ° feet foet feat faet

36 .212 & o8t «354 «343 339 .329
37 .166 216t .267 .279 283 o272
37 .163 &40 .290 .281 276 .270
38 .109 13P 529 .226 .241 235 028
39 212 17 25° <429 444 443 L4158
41 .140 14° 18" 318 . 326 316 .01
42 .169 1z° 561" .383 $ 377 . 367 . 350
S .140 149 00" $206 L3513 . 308 .293
44 .156 14°2 ' . 345 375 .353 336
45 .184 1°49! .396 <406 .408 L377
48 .208 13°39* <454 o447 V440 . 409
47 .207 139420 o462 . 449 . o441 L4186
48 .218 10°24! 324 348 . 340 ,319
49 .166 10°32" .255 .267 .262 .244
49 166 607! .210 .222 239 .92
50 L1986 10°13¢ +296 . 307 . 301 .279
50 .196 59411 .253 .255 .252 .240
51 .243 :10°25" .369 .385 .378 .352
51 .243 5948 .339 319 314 .302
52a 304 10°18* .440 .481 469 .438
52a .304 59461 .449 .398 394 377
52 .302 10°24"' .447 .478 466 L4387
52 .302 5945" 432 <294 «389 o375
53 .107 10°27* .155 171 .170 .156
54 302 10911 +451 .480 LA71 W431
55 .284 10%22' 415 .450 443 410
56 137 | 10°35! .214 .221 217 . 202
57a .299 80451 . 385 .301 . 386 373
57 .298 5945° +360 .301 .387 372
57 .298 10°28" 444 .A73 465 o433
58 .299 546" <357 . 301 386 371
58 .299 10°26" 437 L473 L464 433
59 .227 6°08" .266 .302 .209 . 289
59 .227 9°%50" .329 .356 347 327
60 .146 605" .186 .193 192 .185
£0 .146 10°28" .214 .234 .229 .214
6l .lo7 6°03" .237 .260 .260 .249
61 .197 10°34* .272 .317 311 .289
62 .27% 5°28" .331 .355 .349 337
63 .307 5°31" L33 .393 .390 374
63 307 9°59" 423 .470 464 432
64 .146 59581 .183 .192 .1e2 .183




TABLE 3 (cont.)

57

Run Depth Central | Xeasured For Constant Energy Constant
Angle Velocity

a, o. h! h*(equ.7) | h'(equ.8) h'{equ.1l?)

feet feet faet feet feet
65 .240 5948’ .287 W312 312 .296
66 .260 2048’ .290 .298 .297 .293
67 .196 3%21"' .231 « 240 .231 226
68 141 2%59"° .154 162 .16l 157
69 .189 2036"' .208 .213 210 209
70 .240 3903" 272 .278 L2768 269
71 312 2°5g"' 351 .360 356 350
ng .301 2056 " .381 345 343 330
"3 .285 3%21" .320 318 .318 316
74 250 248" .268 .286 .583 277
75 .202 %006 " 234 235 235 .228
76 172 244" .199 .196 .195 191
77 .144 2059 171 .166 .165

161
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An inspection of the table shows that only in the cases of
extremely high superelevation is there a bad agreement between the
observed end ecalculated values, Figure 12 shows the appearance
of this class, where perhaps 50% of the channel floor is exposed
in the curve., Such cases would be avoided in desigh because of
the excessive wall height demanded. Their occurrence is tc be ex-
pected when the calculeted height is more than three times ths
average depth at entrance. The reason for this discrepancy betwsen
calculaticn and obser%ation is found in the determination of B¢ .
The simplified formula proposed for finding the point of first maxe
imum assumes that the interfering wave travels on a stream of con~
stant depth with parallel flow. In the normal case the deviations
in depth are roughly compensated by a simultaneocus change of angle
of flow. This compensstion is not satisfactory for extremely high
deviations in depth from that of the entering velus. In such cases
the change in the angle of flow has the predominating influence
with the result that the point of maximum depth is shifted dowm-
stream. If QO is corrected for this shift then the maximum
calculated depth will agree with the cbservations. Since the prac-
tical wvalue of such cases is wery small it has been felt unwise to
introduce the additional complications regquired for this correction.

The sbove discussion alsoc explains Tthe fact that in Table 2
the calculated columms do not alwsys extend down to the point of the
observed maximun,

It is pertinent at this point to 2dd a rough calculation to

show that for cases of small curvature the maximum outside depth in
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the beginning of a curve can be related to the old formula for

superelevation

h = v*b

in the following way:

R¢

Agcording to

2 the maximum outside depth

Figure 27

Assuming a small curvaturse,

would be dg +
for wvelccities lower than
the critical. By the fol-
lowing avnproximation it can
be shown that for supercrit-
ical flow the change of depth

f'rom do to dmax

be twice that for lower than

should

eritical flows

h-d 2 Yib

o = ZR%_Ad,

so that AA' becomes negligible,

since

Ad = yg—ztanﬁ,~@
- N :g’
@ TR
- b
[‘anﬂo-—-—[
= T R'1 Rg

This shows that for supercritieal velocities the increase in depth

o

curvatures,

III.

is twice that for suberitical ones, if we consider only very small

The CGeneral Pattern of Disturbances Set Up by Curves

The wave pattern set up by the curves whern the flow is in
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Figure 28 shows the wave crest diagrams for all of the runs in the

original scheduls,
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() Constancy of Pattern for Given Chammel

One of the first points to be observed in this series of
diagrems is the remerkable similarity of pabttern for the different
runs in a given curve, chamnel, and gradient. This is the con~
dition represented by the individual diagrams. The reason for
this agreement is simple. The channel velocity wvaries roughly
with the square root of the mean depth. The wave veloeity also
varies with the square root of the depth. Therefore the wave

angle, being the ratio of the two, remains a constent., The reason



that this is not exsctly adhered to in the experimental results

is because neither the chamnnel velocity northe wave velcocity are
affected by the‘average depth alone. The channel velocity is mod-
ified by the width-depth ratio, while the wave velocity is modified
by the rise itself. One useful canclusion that comes out of this
similarity is that the points of maxima, both in the curve and in
the downstream tengent, will remain at the same location independent
of the rate of discharge for all cases above a smell rate of flow,

(b} Spacing of Mexima

The next point of interest is the spacing of the successive

maxima,., Considering e single diagrem it is seen that the spacing

is quite uniform. Comparing chanmnels of the same gradient but

with curved sections of different radius, it is observed that the
spacing in the dowmstream tangent is not affected by the change

in curvature. For small disturbances this spacing can be calculated

. . b .
by teking 2 times -———5 , where /&,1s.the wave aungle calculated
, tan 3,
from the initial depth and velocity above the curve. The spacings

2

have heen calculated on this besis and compared to the experimental

ones. It was found that Z[J;ﬁogives a good average value, within
*10%. Since, however, the data are not sufficiently complete to
allow a definite statement the table giving the calculated and the
experimental spacings was not included here,

(¢} Humber of Maxime in Curve

it follows from the above that maxina will be spaced in the
curve in somewhat the same manner as in the downstream tengent.
However the distances of travel are modified by the curvaturs. In

1 o e g Fe R als) 1 ST . -
the curve, as was seen before, the angle 6, ig the equivalent of



the factor b and is more convenient. Maxima are to be expected
fanf3,
at ©,, 36, 56, ete. If the centrsl angle of the curve is less

than GO, the full maximm depth will not be attained. In this

case the central angle itself is used to determine the maximum depth.
It can be stated also that the angle 90 due to the mebthod of its
salculation represents a minimum engular distance to the point of
maximum depth. This is shown clearly on Table 2, where the points
of the measured meximum depths are seen to lie downstream from the
caleulated positions.

(d) Relative Height of Maxime in Downstream Tangent

Some gemneral conclusions are possible concerning %he relative
depths of the disburbance in the straight channel below the curve.
The magnitude of this downstream disturbance depends upon the angle
at which the last wave crest from the curved porbtion enters the
straight section, The less this angle, the less will be all of
the dovmstream maxima. The minimum of +this angle is O and the
meximun is the true value of [3 at the last meximum in the curve.
Thus it is seen that a forbtuitous choice of central angle might
regult in a very small dowmsbrean disturbance. Such cases are
seen for the 20 and 40 foot curves with 3-)27 eradient as shovm

a2

in Firgures 2 and 10. On the other hand an unfortunate central

o

vy

angle can project the wave crest into the straight section with
the full angle, In such cases the disturbance is of the same

epproximate magnitude as the last one in the curve. An example

]

£ this is shown in Figure 11, for the 10 and 20 foot radii on

£ pom . . 2
1-1/2% slops. These considerations can also be expressed in the






e

¥
form uvsed in section (£} of the suwmmery.

Pigures 28 and 30 show a group of photographs of the wave

i

g knl

patberns in the downstresm section. Figure 29 (a) and (b) are

5 oy

for the same run, whish was for a 10 foob radiuvs curve, 2.5

eet per second discharge and 3-1/2% slope. It will be

obgerved im,(a} that the last msximurm cccurs Jjust at the end of

the eurve, The

high dovmstreenm disturbances are easily

g,

seen., The last photogravh, (c), shows the appearance below &

20 foot radius curve for a very low discharge. Both (b) and (¢}
illustrate the persistence of the disburbance. Tig

% £3,

the appearance of the run whose profile is shomn

for the 10 foob curve. The shorber wave lengths,

low velocibies, should be nobed.

g,

M




E. GENTRAL DISCUSSION AND FINAL CONCLUSIONS

A study of the wave patterns and surface configurations
obtained in the experimental investigation suggested possible
methods of influencing either cpreby a change of the bommdary
conditions. It ghould be possible to reduce the maximum depth
and to minimize the downstream disturbance by a suitable choice
of the wall curvabtures. An empirical atbtempt in this direction

was made by the construction of compound curves. The purpose was

ot

¢ cut down the meximum disburbance by introdueing the sharp cure
vabure after the first maximmm had started to subside. Some suc-
cess in this direction, so far as the maximum in the curve was
concerned, was achieved, as may be seen from the Figures 31 and 32.
These Pigures represent surface profiles slong the channel walls
and may be given here without much fur%hef discussion. They indi=
cate however that there are inberesting possibilities especially
if the most suitable wall curvatures could be determined by a
gravhical step by step procedure.

A cose of relative importance for practical design is that of’
a number of curves in succession. It can be seen from the graphs
that the disburbances caused in the downstream tengents do not di
out very rapidly. All the cases investigated experimentally and
also the analyticel discussion are based on the assumption that the
flow entering the curved sectlon is of uniform depth and with parak
lel streamlines. It is conceivable that with curves foll@ﬁing each
other in relatively short distences the disburbances may add up to

a value much higher than that for the individual curve. This could
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be properly termed a case of resonance. Cases of damping are
Just as probable however,

A final answer to these invelved problems with the presemt
state of knowledge could only be given by a model study.

Another question can be answered more definitely. From
the derivations of the aﬁalytical expressions it is seen that
the density does not appear. It follows that entrained air or
debris in suspension do not affect the validity of the derived
e@uations. They enter only insofar as they influence the conditions
of flow, i.e. the relabions between depth and velocibys

It is believed that with this analytical and experimental
study the understanding of high veloeity flow phenomena has ben
furthered a great deal and that the way to satisfactory solutions
of the numerous problems fecing bthe engineer in this field has

been opened.
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The Experimental Set-Up for Studies of Mipgh Velooity Flow. = The
Clroulation System
PLAN

ExperiMENTAL FLUME

/‘ SroRAGE Tamn

10 Purp rom Pume
I r

Corresponding te the analysis

9

to be represented the experimental

fdo

structed as shown schematically in
The detailed dimensions of th

added plan, Figure 34.

A clesed olircuit is provided

74

e

Fa Y

o

reriables

ned and con=

irure 33,

t~up are given in the

r the

flow. The water is

drawn from a storage-reservoir of about 1400 cu, ft. capacity and

is lifted by & cenbrifugal pump o
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APPENDIX 11
Hish Velocity Flow in Curves of Rectangular

Field'Observations on
ross=3ection.
Fortunately it wos possidble during this investigation to secure
coases of flow in curved
these observations leave-

guite a number of field data on various
A1l

sections of actual flood chammels,
to the fundamental correcitness of the principles and
The plotied

no doubt as

presented in the main part of the thesis.
profiles, of which the best examples are presented on the accompan-
as they are

conceptions
ving drawing, show exactly the same characteristics
fes 9 - 11 of this report, representing cases of the

o1

&
The quantitative evaluation of the field

seen in Pi

experimental channel,
observations meets with some difficulties, since average depth and
average velaclby cannct be determined so easily and flow conditims
do not sbtay consbant during the process of teking data,

curve

7o
S

Verduge Wash High Water Marks
of Jan. 1, 1934 in a

(a)

Observations of hizh wabter mar
of Verdugo Wash below vpper Canada bridge wers taken by District
d on drawing no., 10 - NL - 18,

4
(5

engineers in August 1835 and presen

Data for this case are:
b = 43 feet R = 600 feet
8 = ,028 6,= 12° (central angle
n = ,014 of curve)
interpolated as approximately 4, = 3,7 ft.

averazs depth wasg
vy = 38.1 £, per ssc.

Then

The maximum depth h' at the outer wall was determined as h' = 5,8 f£t.
The method of cakulation presented in the report

at ©_ = 12©
o
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yields the following results: (as determined by equation 12)

ht = 6,17 feet 8, = 10°g"
(Hote that both the calculated and observed values of h' refer to
the mesn base line of the channel bottom,)

This agreement is cleser than would have Dbeen predicted from

the degree of accuracy of the field data.

(b) Lower Sycamors Storm Drain

Some observations on water surface profiles were made along
the walls of the lower Sycamore storm drain below La Boice Street
during the storm of February 12, 1935, by members of the Hydraulis
Research Staff of the Los Angeles Counbty Flood Control District.
Height gauges had been painted all along the walls about 15 feet
apart, which were successively read. These stations extend through
two curves of 92 foot radius and 67°13' central angle and of 212
foot radius and 22°27' central angle. A number of profiles were
read, but the depths of [low reached during thab sbrm were so low
that they-&o not warrant a close analysis. The profiles when
plotted show the wave pattern familiar from the other cases. The
maximum average depth for a short period of high flow was 2.27 feet,
for which, however, .only data for the first curve of 82 foot radius
could be obtained.

Time of observation, 3:05 - 3:10 P.M.

d = 2427 feet Qay = 360 cu. ft./sec.
R = 92 feet ve = 18 ft./ sec. (estimated
b = 9 feet from max. Pitot reading of 21.2 ft./sec.)
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Measured maxima:
hy = 2.95 feet h‘g = 2,100 feet
h! = 3.00 feet
2

Caloulated maximum for the above conditions:

ht = 2,94 feet
The complete agreement is of course accidental, The theoretical
velue of B, ¥ 8040' corresponding to & distance from the entrance
of 14,1 feet cannot be checked from the measured data, since some
inconsistance exists bebween the data on the beglnning of the
curve and the beginning of the change in the depths of the entrance

sections.

(¢) Rubio Storm Drain

The best and most complete field data obtained so far were taken
also during the storm of Tebruary 12, 1936 by members of the staff
connected with the experimental work at the Institute. The obser-
vations were teken along the walls of the Rubio Canyon channel be=
low Longden drive. The profiles for maximum discharge are pressnted
in the accompanying drawing. This work was made possible by the
Los Angeles County Fléod'control District by having depth gauges
painted every 20 feet along both chsnnel walls; extending through
two curves, the straight section between the curves and that below
the second curve. Some float gauge measurements indicate the ap-
proximate wvelocity to have been between 20 - 24 feet per second.
Unforbunately discharges obtained from the gauging station in San
Gebriel at Broadway cannot be used to full advantage due to the

lack of conformity of the time recorded by observers and that of
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the automatic gauge, The caleulations according to the analytical
part of the thesis yield the following results obtained from the
average conditlons indicated by the plotted profiles. The discharges
are taken from the hydrograph, and have been correeted as far as

possible for time differences.

}:wpurve : 3. curve

d, = 2,10 feet d, = 2.00 feet

@ = 1200 cef.s. G = 1200 cef.s,
v, = 22 ft./sec. v, = 25,1 ft./sec.
b = 26 feet : b = 26 feeb

R = 445 feet R = 425 feet

hi z 2,9 feet (measured) h' = 2,9 feet

hé = 3.2 feet

- a RO
QO 50101 Sy g-gt
8, = 8034 (interpolated from
poeaition of second max.
at By = 250421)
h' = 2,78 feet (calculated h' = 2,8 feet
using equ. 12.)
o = 708! | 6, = 70 521

[9]

Note: do and h' have both been corrected by subtracting .50 feeb
from the gauge readings. The latter gzive elevations above lowest
point of invert of channel section. Therefore, elevations above
mean base lihe are .50 feebt lowere. Tt must be noted also that The
entrance conditions to curve (1) are not satisfactory because of
the disturbance produced by inflow through a side inlet. This was

situated about one hunded feet above the beginning of the curve.
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(4) Summary of Field Checks

It should be noted that the above field measurements cover a
wide range of conditioms, i.e., breadth of chaunel ranging from
9 to 45yfee%, radii of curvature from 92 to 600 feet, and velocities
from 18 to 38 feet per second. The results all show remarkably
good‘agéeement with the analytical method, especially when it is
remembered that the field data are neither complete nor precise.
This is especlally true as far as measurements of discharge and
velocity are concerngd. The individual depth measurements are
sufficienty accurate but the combined profile suffers from the
fact that the discharge did not remain constant over the period of
time required to complebte the measurements. However, as has been
gaid, the experimental and anelytical results are in close agree-
ment despibe these difficulties. Therefore it is felt that these
results represent a very strong field confirmetion of the analyt-

ical treatment.
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APPENDIX TTI

Survey of Literature

John R, Freeman: Hydraulic Laboratory Pracbice

PP. 430 = 43l experiments on air entrainment of
Ehrenberger, Vienna, with inclinations of the ex-

page 171: 63, Wasserbewegung in steilen Rinnen
according bo experiments of Ehrenmberger. 2 formmlae

Re Ehrenbsrger: Wittt ellvnwen der Versuchsansbalt fuer
Wﬁsserbau Wien, Zeitschrift des Oesterreichischen
Ingenieur und Architektenvereins, 78 {(1926)

Contains original paper of Ehrenberger on his ex-
Fr. &isner: Offene Gerinue, Handbuch der Experimental-

Eisner quobtes Bazints experiments on supsreritical

f. Lane: Recent studies on flow conditions in steen

oy

Leme presents qualitative considerations, no formulae,

() Literature on High Velocity Flow
1.
Publication, A. 5. M, E.
perimental flume up to 37°.
2e Ph. Forchheimer: Hydraulik
for sir entralinment given.
B
pe. 155 and 175
periments on air entraimment.
4,
Phyvsik wol. IV, part 4
pRe 299 - 301
flows
5. E. W
chutes, Bngge. Vews Rec. 1836, Hov. 1
Pp 5 = T, 6 fig.
roughness investigated.
(v) Literature on suberitical flow in curves

1.

Ze

Ph, Forchheimer: Hydraulik, 1930
page 310
Forchheimer quotes mainly ideas and analysis of ¥,
Boussinesg, which were originally presented in Bgux
courantes, pe 602 and in Journ. de Mathem. 9, 1883,
p. 128,
Boussinesg considers a curve as a series of sharp
bends and jives form of expression for loss of head
in curves.

S. M, Woodward: Hydraulics of the Miami Flood Control Pro-
Ject, Technical reports, part VII, 1920. page 271
Customary formula for superelevation end some bebtter
mathematieal approaches.,
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Survey of Literature (cout.)

be 3. Hs. C, Ripley: Relation of depth to curvature of channels,

' Trans. A. Se Ce Ee 1927, pp. 207 = 267 with dig-
cussion. Ripley treats curvature effect on depth
and profile of rivers with erndable beds., Ile quotes
8 formula of the French engineer Gockinga for calcu-
lation of superelevation.

This survey shows the scarcity of information available on
high velocity flow in steep chanmels and the complete lack of a
treatment of high wvelocity flow with regard to curved chamnels.



